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ABSTRACT
Ultraluminous supersoft sources (ULSs) are defined by a thermal spectrum with colour
temperatures ∼0.1 keV, bolometric luminosities ∼ a few 1039 erg s−1, and almost no
emission above 1 keV. It has never been clear how they fit into the general scheme
of accreting compact objects. To address this problem, we studied a sample of seven
ULSs with extensive Chandra and XMM-Newton coverage. We find an anticorrela-
tion between fitted temperatures and radii of the thermal emitter, and no correlation
between bolometric luminosity and radius or temperature. We compare the physical
parameters of ULSs with those of classical supersoft sources, thought to be surface-
nuclear-burning white dwarfs, and of ultraluminous X-ray sources (ULXs), thought to
be super-Eddington stellar-mass black holes. We argue that ULSs are the sub-class of
ULXs seen through the densest wind, perhaps an extension of the soft-ultraluminous
regime. We suggest that in ULSs, the massive disk outflow becomes effectively opti-
cally thick and forms a large photosphere, shrouding the inner regions from our view.
Our model predicts that when the photosphere expands to & 105 km and the temper-
ature decreases below ≈50 eV, ULSs become brighter in the far-UV but undetectable
in X-rays. Conversely, we find that harder emission components begin to appear in
ULSs when the fitted size of the thermal emitter is smallest (interpreted as a shrinking
of the photosphere). The observed short-term variability and absorption edges are also
consistent with clumpy outflows. We suggest that the transition between ULXs (with
a harder tail) and ULSs (with only a soft thermal component) occurs at blackbody
temperatures of ≈150 eV.
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1 INTRODUCTION
Ultraluminous supersoft sources (ULSs) are a rare class of
accreting objects in nearby galaxies, characterised by strong
thermal X-ray emission below 1 keV with little, or no, flux
observed at higher energies (Kong & Di Stefano 2003). This
is in sharp contrast to X-ray binaries (XRBs) and classi-
cal ultraluminous X-ray sources (ULXs), which have either
broadband emission over the 1–10 keV range or, for XRBs
in the high/soft state, a peak disk-blackbody temperature
∼ 1 keV. If fitted with a blackbody model, ULSs have char-
acteristic bolometric luminosities of ∼ a few 1039 erg s−1,
radii ∼ 104 km and peak temperatures . 100 eV. Origi-
nally discovered by ROSAT observations of nearby galaxies
(Vogler & Pietsch 1996; Read, Ponman & Strickland 1997;
Read & Pietsch 2001; Swartz et al. 2002), these rare sources
have been studied in more detail with Chandra and XMM-
Newton over the past 15 years. These objects have all been
observed at various luminosities over numerous years indi-
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cating that they cannot be explained as classical novae. The
source of the thermal component in ULSs has been inter-
preted in at least three different ways: (1) nuclear burning
on the surface of white dwarfs (WDs); (2) accretion disks
around intermediate-mass black holes (IMBHs); or (3) out-
flows driven by super-Eddington accreting stellar-mass black
holes (BHs).
In the first scenario, ULSs may be the extreme end of
the ‘classical’ supersoft source (SSS) class, first discovered
in the Large Magellanic Cloud (Long, Helfand & Grabelsky
1981). Classical SSSs are likely powered by surface-nuclear-
burning on WD accretors (van den Heuvel et al. 1992). A
problem with this interpretation is that ULSs exceed the
Eddington limit (≈ 2× 1038 erg s−1) of a 1.35M⊙WD. An-
other possible problem is the discrepancy between typical
WD radii and the larger characteristic blackbody radii fit-
ted to ULS spectra. The larger radius may be explained if
the nuclear-burning WD develops an expanding envelope or
an optically thick outflow.
An alternative suggestion is that ULSs contain IMBHs
in a high/soft state (Kong, Di Stefano & Yuan 2004). If the
fitted radius comes from the innermost stable circular or-
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bit of an accretion disc, the mass of the central object is
∼103–104 M⊙. One problem with the IMBH interpretation
is that such massive accretors are not expected to be in
their high/soft state at the luminosities inferred for ULSs.
For example, an IMBH with a luminosity ∼ 1039 erg s−1 is
only accreting at . 1% of its Eddington limit, which is be-
low what is expected for the system to be in the high/soft
state.
Finally, ULSs could be powered by stellar-mass
BHs (Mukai et al. 2003) or neutron stars (NSs)
(Kylafis & Xilouris 1993; Bachetti et al. 2014) accret-
ing at super-Eddington rates. The high-mass transfer rate
results in a strong, optically thick outflow that obscures the
inner, high-energy emitting region (Poutanen et al. 2007;
Shen et al. 2015). The X-ray photons from the central
source are reprocessed by the outflow and only the soft
thermal spectrum of its photosphere is observed. This
would suggest that ULSs are simply standard ULXs at
higher accretion rates (and consequently, denser winds).
Here we reanalyse a large sample of Chandra and XMM-
Newton observations of seven previously known ULSs in
nearby galaxies. We discuss some of their X-ray colour,
spectral and timing properties in an attempt to determine
whether they form a single physical class of sources, and
identify their nature. We compare the physical properties of
this population of sources with those of broad-band ULXs
and classical SSSs.
2 TARGET SELECTION
2.1 Definition of ULS
To provide a more quantitative definition of ULS for our
study, we introduce a classification similar (but not identi-
cal) to the one adopted by Di Stefano & Kong (2003). We
define three X-ray energy bands: 0.3–1.1 keV (S), 1.1–2.5
keV (M) and 2.5–7 keV (H). We measure the net count
rates in the three bands and in the total 0.3–7 keV band
(T). We consider “supersoft” all those sources that have
a hardness ratio (M − S)/T . −0.8, and “ultraluminous”
supersoft sources those that have reached an extrapolated
bolometric luminosity of the thermal component Lbbbol & 10
39
in at least one observation, during which they also had
(M− S)/T . −0.8.
We only consider sources observed with Chandra and
XMM-Newton, because they cover a similar energy range
and provide roughly similar hardness ratios. We stress that
the hardness ratio condition is a purely empirical criterion
for a practical target selection. We are aware that there are
small differences between the colours determined from Chan-
dra and XMM-Newton, as well as between Chandra obser-
vations taken in different years, because of the sensitivity
degradation at soft energies. We are also aware that ex-
trapolating the blackbody spectrum to the UV gives only
a crude estimate of the true bolometric luminosity. At the
same time, the characteristic appearance of those sources
(their soft thermal spectrum) makes them sufficiently dis-
tinct from ordinary XRBs and ULXs, regardless of small
changes in the choice of empirical definition, and suggests
that they do belong to a physically different class or accre-
tion state. One of the objectives of this paper is to quantify
the common properties of such sources, so that we can then
move from a purely empirical to a more physical identifica-
tion.
We illustrate our selection criterion in Figure 1, for three
different values of absorbing column density (nH = 3× 1020
cm−2, nH = 10
21 cm−2 and nH = 3 × 1021 cm−2 broadly
representative of the range empirically found in our sam-
ple (Section 4.1). For each value of nH we plotted the
“observable” X-ray colours of two simple spectral models
representative of accreting BHs (Remillard & McClintock
2006): a power-law spectrum with photon index Γ = 1.7
(low/hard state), and a disk-blackbody with peak temper-
ature kTin = 1 keV (high/soft state). By “observable”, we
mean the colours that such model spectra would have if
they had been observed by Chandra/ACIS-S in 2001, or
by Chandra/ACIS-S in 2014, or by XMM-Newton/EPIC-
pn (the colour evolution of this detector over the years is
negligible). Then, in each of the three panels, we added the
observable colours of three pure blackbody models which
may be more representative of ULSs: one at kTbb = 70
eV, one at kTbb = 100 eV, and one at kTbb = 150 eV.
The empirical hardness criterion (M − S)/T < −0.8 clearly
separates 70-eV and 100-eV blackbody sources from the
low/hard state and high/soft state colours, for all three val-
ues of nH; for nH . 10
21 cm−2, 150-eV blackbody emitters
also satisfy (M − S)/T < −0.8 at least for early Chandra
observations (no longer today). Finally, in all three plots
we added the observable colours of six real ULX spectra,
modelled by Sutton, Roberts & Middleton (2013): two in
the broadened-disk regime (ObsID 0405090101 of NGC1313
X-2 and ObsID 0200980101 of M81 X-6), two in the soft-
ultraluminous regime (ObsID 0200470101 of Holmberg II
X-1 and ObsID 0653380301 of NGC5408 X-1) and two in
the hard-ultraluminous regime (ObsID 0200980101 of Holm-
berg IX X-1 and ObsID 0405090101 of NGC1313 X-1). Each
of those six ULXs has only one value of nH (the actual
value determined from that particular observation, fitted
by Sutton, Roberts & Middleton 2013) but is plotted three
times, to represent the “equivalent” colours such a source
would have in Chandra/ACIS-S 2001, Chandra/ACIS-S
2014, and XMM-Newton/EPIC-pn. The message to take
home from Figure 1 is that the observed colours of standard
ULXs are somewhat intermediate between those expected
for BHs in the low/hard and high/soft states, but are clearly
well above the threshold defined by (M−S)/T ≈ −0.8; con-
versely, sources observed below that threshold are clearly
not in the low/hard or high/soft state, do not overlap with
standard ULXs, and are likely to be blackbody emitters at
kTbb . 100 eV. It can be also noted from Figure 1 that some
soft thermal sources observed with Chandra/ACIS-S today
(as opposed to a decade ago) would not appear supersoft,
based on their X-ray colours alone. The reason is of course
the loss of sensitivity of the detector at low energies, which
means that the tail of the blackbody emission in the 1.1–2.5
keV band now represents a larger relative fraction of the to-
tal detected count rate (which has decreased by a factor of
3). Finally, we did not bother to plot the expected colours
for nH > 3× 1021 cm−2 because at such column densities it
becomes increasingly difficult to identify supersoft sources,
so it is no longer relevant to our selection criterion.
In any classification based purely on X-ray hardness
and colours (as discussed in Di Stefano & Kong 2003), the
c© 2002 RAS, MNRAS 000, 1–23
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supersoft group of sources is likely to contain a mix of dif-
ferent physical objects, in particular nuclear-burning WDs
as well as fading supernova remnants. Indeed, a deep X-
ray study of the spiral galaxy M83 has shown (Long et al.
2014) two types of supersoft spectra, one dominated by op-
tically thick thermal emission and the other by an optically
thin thermal plasma. However, for this work we are con-
sidering only sources that have reached Lbbbol & 10
39, which
screens out thermal supernova remnants (typically fainter
than about 1037 erg s−1). We used the extrapolated bolo-
metric luminosity as a selection criterion, rather than the
X-ray luminosity, because most of the emission falls below
the sensitivity band of Chandra and XMM-Newton.
2.2 Definition of our target sample
We analyzed a sample of sources that were unequivocally
identified in the literature as very luminous and unusually
soft, and we checked whether such sources satisfied our se-
lection criterion defined in Section 2.1. We also examined
the sample of ULXs from the catalogues of Swartz et al.
(2011) and Swartz et al. (2004), looking for any other un-
recognized ULS candidates. We limited our search to sources
that had enough counts for at least a rough spectral fitting
(&50 net counts, using Cash statistics) in at least one epoch,
in order to have a meaningful estimate of temperature and
bolometric luminosity. For this pilot study, we did not in-
tend to define a statistically complete sample or analyse ev-
ery single archival X-ray observation of each target source;
however, our sample is large enough that we can draw gen-
eral conclusions on the nature of ULSs as a possibly distinct
population.
We selected the following seven targets, summarized be-
low with the traditional nomenclature more often found in
the literature (see also Table 1):
(i) CXOAnt J120151.6-185231.9. Located in the Anten-
nae Galaxies, it has been observed by Chandra multiple
times. In 2002 it had a best-fit blackbody temperature of
≈ 90 eV; the observed 0.1–2 keV luminosity increased from
≈2 × 1038 erg s−1 in December 1999 to ≈1 × 1039 erg s−1
in May 2002 (Fabbiano et al. 2003). Corrected for absorp-
tion, the bright state equates to an intrinsic blackbody-fitted
bolometric luminosity of ≈2× 1040 erg s−1 (Fabbiano et al.
2003, scaled to the different distance adopted in this paper).
(ii) NGC4631 X1. First detected in ROSAT/PSPC ob-
servations taken from 1991 December 15 to 1992 January
4 (Vogler & Pietsch 1996). Carpano et al. (2007) observed
the source in 2002 June using XMM-Newton and found
a best-fitted blackbody temperature ≈67 eV and bolomet-
ric luminosity of ≈3.2 × 1040 erg s−1. The source also ap-
peared to have an ≈4 hour modulation (Carpano et al.
2007). Soria & Ghosh (2009) reexamined the same XMM-
Newton data and found that when an absorption edge
(kTedge ≈ 1.0 keV) was added to the model, the fit signifi-
cantly improved, with a blackbody temperature of ≈90 eV
and intrinsic bolometric luminosity of ≈ 4× 1039 erg s−1.
(iii) NGC247 ULX. Observed in 2009 with XMM-Newton,
NGC247 ULX has a dominant thermal component with
temperature of ≈0.1 keV along with a harder component,
modelled as a power-law tail by Jin et al. (2011). Based
on its X-ray spectral appearance, it has been interpreted
as a candidate IMBH with a suggested black hole mass of
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Figure 1. Top panel: X-ray colours expected for five differ-
ent spectral models, when observed through a column density
nH = 3×10
20 cm−2, by three different detectors: ACIS-S in 2001
(smallest-size symbols), ACIS-S in 2014 (medium-size symbols)
and EPIC-pn in 2014 (largest-size symbols). The models are: LH
= low/hard state = power-law with Γ = 1.7; HS=high/soft state
= disk-blackbody with kTin = 1 keV; and pure blackbodies at
70 eV, 100 eV and 150 eV. Finally, we overplotted the colours
expected through the same three detectors for six ULX spectral
models, from Sutton, Roberts & Middleton (2013). The dashed
and or dotted regions are simply visual aids to help locating the
different models. The dashed horizontal line is an empirical colour
threshold for thermal sources at kTbb . 100 eV. Middle panel: as
in the top panel, but for nH = 10
21 cm−2. Bottom panel: as in
the top panel, but for nH = 3× 10
21 cm−2.
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≈600M⊙ (Tao et al. 2012).
(iv) NGC300 SSS1. Originally found in a ROSAT observa-
tion from 1992 (Read & Pietsch 2001), this source exhibits
bright and dim states. For example, it was not seen by
ROSAT in later observations but was seen by XMM-Newton
in a bright state in 2000 December and became an order
of magnitude dimmer in another XMM-Newton observation
only 6 days later . During its bright state, it appeared to
have a temperature of ≈60 eV and a bolometric luminosity
of a few times 1039 erg s−1.
(v) M81 N1. One of the best known ULSs, M 81 N1 was
observed by ROSAT several times in the 1990’s, by Chan-
dra in a long observation in 2000 May (Swartz et al. 2002)
and again in a series of shorter Chandra observations over
2005–2008 (Liu & Di Stefano 2008; Liu 2008). In the 2000
May observation it was fitted with a blackbody model and
had a temperature of ≈70 eV and bolometric luminosity of
≈2.5 × 1039 erg s−1. The source shows significant flux vari-
ability within individual observations as well as between ob-
servations (Swartz et al. 2002).
(vi) M101 ULX-1. Observed more than 20 times by Chan-
dra between 2000 and 2005, it has short- and long-term flux
and spectral variability, with fitted blackbody temperatures
ranging between ≈ 50–150 eV (Kong, Di Stefano & Yuan
2004; Mukai et al. 2005; Kong & Di Stefano 2005). The
interpretation of this source has been actively debated
in recent years. A Wolf-Rayet companion was identified
from Hubble Space Telescope observations by Liu (2009).
A claimed period of 8.2 days led to the suggestion that
this ULS is powered by a stellar-mass black hole (Liu et al.
2013).
(vii) CXOM51 J132943.3+471135. Located in M51, this is
source 12 in the catalogue of Di Stefano & Kong (2003), and
source 9 in that of Terashima & Wilson (2004).
As is the case with any purely empirical selection
criterion, there may be a few other supersoft sources that
just missed out on our ULS selection (reaching a maximum
Lbbbol just below 10
39 erg s−1) but are still more luminous
than expected for a nuclear-burning WD. We found two of
them:
(i) NGC300 SSS2. It was not seen by ROSAT in the
1990s or XMM-Newton in 2000–2001, but was discovered
in 2005 with XMM-Newton (Carpano et al. 2006). We
processed and analysed both XMM-Newton observations
from 2005 (ObsID 0305860401 and 0305860301), and
fitted its spectrum with blackbody models. We found
a blackbody temperature of ≈50 eV and a bolometric
luminosity of ≈7× 1038 erg s−1 in the first observation and
≈6× 1038 erg s−1 in the second one, taken six months later.
(ii) r2-12. An SSS in M31 that has reached a
bolometric luminosity up to ≈8 × 1038erg s−1
(Trudolyubov & Priedhorsky 2008; Orio et al. 2010;
Chiosi et al. 2014). It was first observed with Ein-
stein (Trinchieri & Fabbiano 1991) and later with
Chandra (Kong et al. 2002) and XMM-Newton
(Pietsch, Freyberg & Haberl 2005).
Although we shall not present a detailed study of those
two sources in this paper, we have included them in some
of our plots to highlight their intermediate physical prop-
erties between ULSs and classical SSSs. We used our own
spectral analysis to obtain temperatures, radii and lumi-
nosities of NGC300 SSS2, and we used the fit results of
Trudolyubov & Priedhorsky (2008) for r2-12.
3 DATA ANALYSIS
We selected a representative sample of Chandra and XMM-
Newton observations of the seven known ULSs (Table 1).
We considered only observations in which the sources had
enough counts for a meaningful colour (&20 net counts) or
at least a rough spectral analysis (&50 net counts). We do
not analyze and discuss in this paper: the observations in
which the same sources were not detected or were just at
the detection limit; the fraction of time in which each source
was detectable over the course of all its observations; and the
reason for this on/off behaviour. All that is left to follow-up
work.
For the Chandra observations, we downloaded the
data from the public archives and re-processed them with
standard tasks in the Chandra Interactive Analysis of
Observations (CIAO) Version 4.7 data analysis system
(Fruscione et al. 2006). We filtered out exposure intervals
with high particle background. We defined circular source
extraction regions with 2” radii. We extracted the local back-
ground from suitably selected nearby regions at least three
times as large as the source region. We used the CIAO task
specextract to extract a spectrum (with its associated back-
ground, response and ancillary response files) from each ob-
servation. Spectra with &200 counts were grouped to a min-
imum of 15 counts per bin so that χ2 statistics could be
used. Spectra with lower counts were left unbinned and fit-
ted with Cash statistic (Cash 1979). We used dmextract to
build background-subtracted light curves.
We downloaded the XMM-Newton data from NASA’s
High Energy Astrophysics Science Archive Research Cen-
ter (HEASARC) archive. We processed the European
Photon Imaging Camera (EPIC) observation data files
with the Science Analysis System (SAS) version 14.0.0
(xmmsas_20141104_1833). As with the Chandra data, we fil-
tered out exposure intervals with high particle background.
We defined circular source extraction regions with 20” radii
whenever possible, and rectangular regions (of approxi-
mately equivalent area) on a couple of occasions when the
source was located near a chip gap. We extracted the back-
ground from nearby regions at least three times as large, not
including any other bright sources or chip gaps, and located
at similar distances from readout nodes. We selected single
and double events (pattern 0–4 for the pn camera and pat-
tern 0–12 for MOS1 and MOS2 cameras), with the standard
flagging criteria #XMMEA_EP and #XMMEA_EM for pn and MOS,
respectively, and FLAG=0. After building response and ancil-
lary response files with the SAS tasks rmfgen and arfgen, we
used epicspeccombine to create average EPIC spectra and
response files for each source. Finally, we grouped the spec-
tra to a minimum of 20 counts per bin, so that we could use
Gaussian statistics. We built background-subtracted light
curves using the SAS tasks evselect and epiclccorr.
We used XSPEC version 12.8.2 for spectral fitting
(Arnaud 1996). For timing analysis, we used standard
FTOOLS tasks (Blackburn 1995), such as lcurve, powspec,
efsearch and statistics.
c© 2002 RAS, MNRAS 000, 1–23
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Table 1. List of Chandra and XMM-Newton observations used in our sample study of seven ULSs. Numbered epochs (column 1)
designate observations for which we fitted a spectrum; in a few cases, numbers are repeated because a single spectrum was fitted to a
stack of observations in the same state. Non-numbered epochs designate observations with too few counts for spectral analysis but still
used for our X-ray colour-colour plot.
Spectrum No. Galaxy Distance (Mpc) Source RA Source Dec Telescope Obs ID Exp Time (ks) Date
1 NGC4038/39 22.3 ± 2.8a 12:01:51.62 -18:52:31.87 Chandra 315 72.24 1999-12-01
2 3040 69.04 2001-12-29
3 3041 72.91 2002-11-22
4 3042 67.28 2002-05-31
5 3043 67.10 2002-04-18
6 3044 36.50 2002-07-10
7 3718 34.72 2002-07-13
8 NGC4631 7.4± 0.2b 12:42:15.96 +32:32:49.4 XMM-Newton 0110900201 53.76 2002-06-28
9 NGC247 3.4 ± 0.1c 00:47:03.90 -20:47:43.8 Chandra 12437 4.99 2011-02-01
10 17547 5.01 2014-11-12
11 NGC300 1.9 ± 0.1d 00:55:10.7 -37:38:55.0 XMM-Newton 0112800201 34.05 2000-12-26
12 0112800101 43.80 2001-01-01
13 Chandra 9883 10.07 2008-07-08
14 M81 3.6 ± 0.2e 09:55:42.15 69:03:36.2 Chandra 390 2.38 2000-03-21
15 735 50.02 2000-05-07
16 5938 11.81 2005-06-03
5936 11.41 2005-05-28
5937 12.01 2005-06-01
17 5939 11.81 2005-06-06
18 5940 11.97 2005-06-09
19 5941 11.81 2005-06-11
20 5942 11.95 2005-06-15
21 5943 12.01 2005-06-18
22 5944 11.81 2005-06-21
23 5945 11.58 2005-06-24
24 5946 12.02 2005-06-26
25 5947 10.70 2005-06-29
26 5948 12.03 2005-07-03
27 5949 12.02 2005-07-06
28 9805 5.11 2007-12-21
29 9122 9.91 2008-02-01
30 M101 6.4 ± 0.5f 14:03:32.37 +54:21:02.75 Chandra 934 98.38 2000-03-26
31 2065 9.63 2000-10-29
32 5337 9.94 2004-07-05
32 5338 28.57 2004-07-06
32 5339 14.32 2004-07-07
32 5340 54.42 2004-07-08
32 4734 35.48 2004-07-11
33 6170 47.95 2004-12-22
33 6175 40.66 2004-12-24
34 6169 29.38 2004-12-30
35 4737 21.81 2005-01-01
4731 56.24 2004-01-19
5297 21.69 2004-01-29
5300 52.09 2004-03-07
5309 70.77 2004-03-14
4732 69.79 2004-03-19
6114 66.20 2004-09-05
6115 35.76 2004-09-08
4735 28.78 2004-09-12
4736 77.35 2004-11-01
36 XMM-Newton 0212480201 32.41 2005-01-08
37 M51 8.0 ± 0.6g 13:29:43.30 +47:11:34.7 Chandra 354 14.86 2000-03-21
38 1622 26.81 2001-06-23
39 3932 47.97 2003-08-07
40 13813 179.20 2012-09-09
41 13812 157.46 2012-09-12
42 15496 40.97 2012-09-19
43 13814 189.85 2012-09-20
44 13815 67.18 2012-09-23
15816 73.10 2012-09-26
15553 37.57 2012-10-10
a Schweizer et al. (2008); b Radburn-Smith et al. (2011); c Gieren et al. (2009); d Rizzi et al. (2006); e Gerke et al. (2011); f
Shappee & Stanek (2011); g Bose & Kumar (2014)
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4 MAIN RESULTS
4.1 X-ray spectral properties
For each source, and each observing epoch with at least ≈50
net counts, we fitted the background-subtracted spectrum,
starting with one-component models: phabs*phabs*bbody
and phabs*phabs*diskbb. The first photoelectric absorption
component was fixed at the line-of-sight value for the rele-
vant host galaxy; the second component was left free. From
this initial level of fitting, two things are apparent: that a
single thermal component is already the best fit for most
epochs, and, to first order, a satisfactory fit for all epochs;
and that for all epochs, blackbody and disk-blackbody mod-
els are statistically equivalent. The first statement is another
way of saying that ULSs (by definition) are not dominated
by a broad-band tail above 1 keV, unlike standard ULXs.
The second statement is not surprising, considering that the
peak temperature of the thermal component is ≈100 eV and
the detectors are only sensitive to energies &300 eV, in the
Wien tail; a similar situation occurs when fitting the low-
energy soft excess in ULXs. The only difference between
the two models is in the definition of blackbody tempera-
ture kTbb compared with the colour temperature of the disk
kTin: for the same thermal spectrum, kTin is always system-
atically higher than kTbb by ≈20%.
In a few cases, our spectral fitting showed significant
residuals in addition to the dominant soft thermal compo-
nent, particularly around 0.7–2 keV (sometimes with a dis-
tinctive residual feature at ≈1 keV). It was necessary to add
one or more spectral components to account for the harder
emission. At this stage we make no specific assumptions on
the physical nature of this harder component. The nature of
the fit residuals suggests that the harder component could be
optically-thin thermal plasma emission, which we modelled
with mekal1 in XSPEC. Spectral residuals in addition to the
smooth continuum have been seen in some two-component
ULXs (for example, NGC5408 X-1 and NGC6946 X-1) and
were also successfully modelled with thermal plasma emis-
sion (Roberts & Colbert 2003; Stobbart, Roberts & Wilms
2006; Strohmayer et al. 2007; Middleton et al. 2014), with
luminosities ∼ a few 1038 erg s−1. However, an alterna-
tive interpretation was provided by Middleton et al. (2014),
who showed that similar residuals are also consistent with
broadened, blue-shifted absorption in the line of sight of a
fast, partially ionized, optically-thin outflow. Our ULS spec-
tra have a substantially lower signal-to-noise ratio than the
spectra of NGC5408 X-1 and NGC6946 X-1 discussed by
Middleton et al. (2014), making a test between those two
alternative interpretation more difficult. For this paper, we
chose to limit our spectral analysis to the thermal-plasma
emission model; however, we are aware of the alternative
interpretation and leave its exploration to future work.
In summary, when significant residuals were detected
above the blackbody/disk-blackbody base model, we tried
improving the fit with two methods: by adding one or two
thermal plasma components at fixed solar abundance, with
characteristic temperatures ≈0.6–0.9 keV; and by testing
for the presence of an absorption edge at kTedge ≈ 1 keV.
1 Even at our best signal-to-noise level, there were no statistically
significant differences between mekal and apec models.
We found significant (and variable) thermal-plasma contri-
butions in the spectra of the M101 ULS, in several epochs:
they are discussed in more details in Section 4.2; see also
Soria & Kong (2015, MNRAS, in press, arXiv:1511.04797).
Thermal plasma emission is also seen in some of the epochs
for the ULSs in NGC247, the Antennae Galaxies and M51.
Adding an absorption edge provides significant improve-
ments to some of the spectra with the high signal-to-noise in
four out of seven sources: those in the Antennae, NGC247,
M101 and NGC4631. In some sources (most notably those
in NGC247 and M101), the spectrum is best fitted with
a blackbody (or disk-blackbody) plus thermal-plasma emis-
sion in some epochs, and blackbody (or disk-blackbody) plus
an absorption edge in other epochs (Section 4.2).
We stress that the main objective of this work is to
determine the properties of the dominant optically-thick
thermal component and attempt a physical interpretation;
nonetheless, careful treatment of additional first-order com-
ponents (absorption edges, harder emission above 1 keV, and
line residuals consistent with thermal-plasma) is necessary
to make sure that the characteristic temperature and radius
of the dominant blackbody component is not over- or under-
estimated. After finding successful fits for all epochs (with or
without additional components), we summarized the phys-
ical parameters of the blackbody components in Table 2;
when a disk-blackbody replaces the blackbody component in
the same spectra, we obtain the physical parameters listed
in Table 3; the additional thermal-plasma and edge features
and their significance are listed in Table 4.
The bolometric blackbody luminosity is defined as
Lbbbol ≡ 4pir2bbσT 4bb, independent of the viewing angle θ. It
is obtained directly from one of the XSPEC bbody fit param-
eters, namely the normalization constant, because Lbbbol =√
Nbb d10kpc 10
39 erg s−1. The adopted galaxy distances are
quoted in Table 1. The bolometric disk luminosity is defined
as Ldiskbbbol ≡ 4pir2inσT 4in, where rin =
√
Ndiskbb d10kpc/
√
cos θ
km and Ndiskbb is the normalization constant in XSPEC.
Physically, the fit parameter rin is related to the true inner-
disk radius Rin = 1.19rin (Kubota et al. 1998). We cannot
obtain Ldiskbbbol directly from our XSPEC diskbb fit parame-
ters, because of its intrinsic dependence on cos θ; we can only
obtain Ldiskbbbol × cos θ, and rin
√
cos θ. As a double check on
our bolometric disk-blackbody luminosities, we re-derived
them with an alternative method: we defined a dummy re-
sponse from 0.01 to 10 keV (dummyrsp in XSPEC), calcu-
lated the model flux fdiskbbbol over that (essentially bolomet-
ric) energy range, and converted it to a luminosity with the
relation Ldiskbbbol = 2pi
(
d2/ cos θ
)
fdiskbbbol , suitable for accre-
tion disks. The two methods give the same result, as ex-
pected. For plotting purposes, and for consistency with the
luminosities given in a comparison sample of ULXs from
the literature, we assumed cos θ = 1/2 throughout this pa-
per. With this conventional choice of viewing angle, disk
luminosities are simply obtained as 4pid2 times the observed
fluxes, like for a spherically symmetric emitter2. Ldiskbbbol for
2 This is often an implicit assumption in many studies of X-ray
binaries and ULXs in the literature, in which the luminosities of
all emission components are defined as L ≡ 4pid2f . The alterna-
tive choice of θ = 0 is also sometimes adopted in the literature;
however, this is not suitable to our sample of sources because
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Figure 2. Bolometric luminosity inferred from single-
temperature blackbody fits, for each observation, plotted
against the corresponding best-fitting blackbody temperature.
No significant correlation exists between the two quantities,
either for individual sources or for the population as a whole.
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Figure 3. Best-fitting blackbody radius, plotted against the
best-fitting blackbody temperature, for each observation with
spectral information. The best-fitting inverse correlation rbb ∝
T−2.16±0.46bb is overplotted.
a generic angle θ is simply obtained from the values listed
in Table 3, divided by 2 cos θ.
The first, most obvious result of our spectral mod-
elling is that there is no L ∝ T 4 trend in any of the
sources (when observed multiple times) or in the sample
as a whole (Figure 2, and Tables 2 and 3). This is equiva-
lent to saying that the radius of the emitting region is not
constant between sources or for the same source at vari-
ous epochs. A constant inner-disk radius Rin ≈ 1.19rin ≈
RISCO (radius of the innermost stable circular orbit) is
usually taken as the defining property of the high/soft
they are more likely to be high-inclination objects, as discussed
in Section 5.3.
Table 2. Characteristic radii, temperatures and bolometric lu-
minosities of the bbody component in each ULS observation with
enough counts for spectral fitting. The row number identifies the
source and the epoch, from the observation list in Table 1. Ob-
sID 934 of the M101 ULS was split into three sub-intervals based
on count rate (Section 4.2). Errors are 90% confidence limits for
single parameters.
Row nH rbb kTbb L
bb
bol
(1022 cm−2) (103 km) (eV) (1039 erg s−1)
1 0.07+0.20
−0.07
7.4+68.6
−3.4
100+35
−31
0.7+8.0
−0.4
2 0.13+0.17
−0.12
12.3+70.0
−5.4
107+24
−20
2.6+14.0
−0.9
3 0.12
+0.32
−0.12
17.9
+1315
−8.8
82
+34
−24
1.9
+72.2
−1.6
4 0.36+0.31
−0.17
15.4+75.0
−7.1
119+33
−22
6.1+22.3
−4.3
5 0.06+0.17
−0.06
7.5+53.9
−3.0
118+26
−27
1.4+6.3
−0.7
6 0.21+0.43
−0.18
23.0+127.1
−11.1
98+30
−31
6.3+75.9
−5.1
7 0.22+0.29
−0.17
38.2+162.2
−18.5
87+25
−20
10.7+63.2
−9.0
8 0.18+0.20
−0.13
6.6+59.8
−3.0
127+50
−32
1.5+7.3
−0.9
9 0.22+0.26
−0.17
10.0+198.3
−4.7
119+47
−33
2.6+26.4
−1.9
10 0.22+0.26
−0.17
6.8+45.6
−3.1
132+53
−41
1.3+8.2
−0.4
11 0.05+0.06
−0.05
11.2+17.8
−5.6
68+9
−8
0.3+0.6
−0.2
12 0.07+0.05
−0.04
14.8+17.4
−7.4
59+5
−5
0.3+0.5
−0.2
13 0.11+0.16
−0.11
87.5+389.9
−42.8
43+12
−10
3.4+14.0
−3.2
14 0.03+0.12
−0.03
2.1+3.2
−0.7
168+30
−34
0.5+0.7
−0.1
15 0.05+0.02
−0.02
22.3+5.3
−3.6
78+3
−3
2.3+0.7
−0.5
16 0.16+0.13
−0.09
52.2+133.5
−26.3
70+7
−7
8.3+25.4
−5.5
17 0.01+0.09
−0.01
15.4+33.1
−3.3
79+6
−10
1.2+2.6
−0.3
18 < 0.15 2.4
+11.8
−0.6
109
+13
−21
0.1
+0.4
−0.03
19 < 0.04 8.3+1.9
−1.4
97+6
−7
0.8+0.5
−0.1
20 0.08+0.10
−0.08
28.6+77.6
−14.4
73+12
−9
3.0+8.1
−2.0
21 0.03+0.07
−0.03
13.1+15.7
−3.4
91+8
−9
1.5+1.9
−0.5
22 0.34+0.28
−0.21
38.9+660.0
−19.6
84+22
−16
9.5+130.3
−8.2
23 0.11+0.09
−0.07
41.6+72.8
−20.9
69+8
−7
5.1+10.2
−3.2
24 0.05+0.11
−0.05
23.0+95.9
−11.5
73+16
−12
1.9+6.7
−1.2
25 < 0.14 29.6+183.6
−14.9
49+13
−12
0.7+2.4
−0.4
26 < 0.06 12.7+24.2
−4.1
66+9
−9
0.4+0.7
−0.2
27 0.02+0.26
−0.02
8.7+48.1
−4.4
71+16
−19
0.2+0.7
−0.1
29 < 0.07 14.3+51.2
−7.2
69+14
−13
0.6+1.6
−0.3
29 0.13+0.31
−0.13
19.9+115.2
−10.0
71+23
−18
1.3+8.6
−1.1
30-high 0.04+0.01
−0.01
10.2+0.4
−0.3
135+3
−4
4.6+0.2
−0.3
30-med 0.04+0.01
−0.01
10.5+0.3
−0.3
119+2
−2
2.9+0.2
−0.2
30-low 0.04+0.01
−0.01
18.4+0.9
−1.0
90+2
−2
2.9+0.2
−0.2
31 0.08
+0.07
−0.05
29.0
+32.7
−14.4
77
+11
−10
3.6
+6.8
−2.0
32 0.10+0.04
−0.04
47.0+32.6
−17.0
69+7
−7
6.6+5.9
−2.9
33 0.20+0.13
−0.12
> 54 < 49 > 2.1
34 0.12+0.06
−0.05
43.5+29.3
−17.2
75+6
−6
7.7+8.6
−3.8
35 0.13+0.03
−0.03
22.5+10.3
−4.7
100+13
−10
6.6+1.2
−1.0
36 0.13+0.05
−0.04
101.5+82.7
−43.1
56+5
−5
12.8+17.9
−6.9
37 0.01+0.04
−0.01
6.0+9.0
−1.3
114+11
−16
0.8+1.0
−0.2
38 < 0.07 3.5+4.8
−0.8
135+17
−20
0.5+0.5
−0.1
39 0.003+0.084
−0.003
5.6+10.0
−1.0
122+12
−23
0.9+1.2
−0.1
40 < 0.04 7.8+13.1
−1.7
98+10
−10
0.7+1.1
−0.1
41 0.03+0.15
−0.03
10.4+30.1
−3.1
92+12
−8
1.1+3.1
−0.4
42 < 0.20 6.2+56.3
−1.2
115+8
−25
0.9+5.3
−0.2
43 0.12+0.09
−0.02
25.1+41.3
−9.5
84+8
−7
4.5+9.3
−2.5
44 < 0.21 7.5+16.3
−1.9
105+16
−18
0.9+1.6
−0.1
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Table 3. Characteristic inner-disk radii, peak colour tempera-
tures and bolometric luminosities of the diskbb component in each
ULS observation with enough counts for spectral fitting. Row
numbers are defined as in Table 2. An angle θ = 60◦ was adopted
in the expressions for rin and L
diskbb
bol . Errors are 90% confidence
limits for single parameters.
Row nH rin kTin L
diskbb
bol
(1022 cm−2) (103 km) (eV) (1039 erg s−1)
1 0.09+0.19
−0.09
7.9+20.4
−3.9
120+62
−41
1.7+18.9
−1.3
2 0.14+0.16
−0.11
16.3+169.5
−7.4
123+31
−26
8.9+52.6
−6.5
3 0.09
+0.29
−0.09
22.9
+374.3
−11.5
95
+49
−30
5.5
+28.5
−4.8
4 0.23+0.36
−0.15
13.4+101.6
−6.3
153+53
−36
12.8+56.9
−9.1
5 0.10+0.16
−0.10
8.6+84.4
−4.0
140+49
−36
3.6+19.6
−2.6
6 0.29+0.43
−0.21
43.5+848.7
−21.3
106+42
−35
30.9+2475.8
−27.4
7 0.26+0.29
−0.18
58.7+∗
−29.1
97+33
−24
38.6+836.4
−33.3
8 0.22+0.19
−0.14
6.8+81.7
−3.3
157+116
−45
3.2+19.2
−2.5
9 0.29+0.24
−0.17
14.5+335.8
−6.9
134+61
−38
8.7+99.6
−6.8
10 0.29+0.24
−0.17
9.3+248.9
−4.4
151+42
−49
5.8+67.0
−4.0
11 0.06+0.06
−0.06
14.5+28.4
−7.3
77+11
−9
1.0+1.7
−0.6
12 0.08+0.05
−0.04
21.2+29.7
−10.7
66+7
−6
1.1+1.6
−0.6
13 0.12+0.16
−0.12
153+999
−76
47+16
−11
14.1+624
−13.4
14 0.10+0.13
−0.09
2.9+9.9
−1.0
203+70
−50
1.1+2.5
−0.6
15 0.08+0.02
−0.2
29.0+7.4
−5.1
89+3
−3
6.8+2.0
−1.5
16 0.20+0.13
−0.10
89.0+278.3
−35.3
76+8
−8
35.6+122.1
−24.3
17 0.03+0.09
−0.03
19.9+50.2
−7.0
91+12
−13
3.5+8.2
−1.7
18 0.03
+0.17
−0.03
2.7
+28.3
−1.0
129
+16
−28
0.3
+1.5
−0.1
19 < 0.05 6.7+2.0
−1.3
124+10
−9
1.4+0.2
−0.2
20 0.09+0.10
−0.08
35.9+108.7
−15.3
84+16
−12
8.3+23.0
−5.7
21 0.07+0.07
−0.06
17.0+24.6
−6.0
104+13
−11
4.4+6.3
−2.3
22 0.40+0.28
−0.21
66.2+∗
−32.0
92+27
−19
40.5+669
−36.1
23 0.13+0.08
−0.07
57.8+111.2
−27.4
78+10
−9
16.2+32.9
−10.3
24 0.07+0.10
−0.07
25.6+135.1
−11.4
86+26
−17
4.6+17.4
−3.3
25 < 0.01 36.7+309.2
−16.8
56+18
−14
1.7+7.8
−1.2
26 < 0.06 13.8+34.4
−4.9
77+13
−12
0.9+1.7
−0.4
27 0.05+0.26
−0.05
6.8+10.7
−2.6
88+20
−15
0.4+0.3
−0.2
28 < 0.08 13.4+70.5
−5.2
85+19
−19
1.2+3.5
−0.5
29 0.17+0.17
−0.17
30.1+∗
−17.1
80+35
−21
4.6+194
−4.2
30-high 0.06+0.01
−0.01
8.3+0.4
−0.4
174+6
−7
8.2+0.4
−0.4
30-med 0.06+0.01
−0.01
6.1+0.3
−0.3
178+2
−2
4.8+0.4
−0.4
30-low 0.06+0.01
−0.01
18.4+1.6
−1.1
109+2
−2
6.2+0.8
−0.8
31 0.10
+0.06
−0.06
33.9
+48.5
−17.4
90
+14
−13
9.8
+21.2
−5.6
32 0.11+0.04
−0.04
39.7+30.4
−16.5
81+9
−6
17.0+14.2
−8.0
33 0.22+0.13
−0.12
> 88 < 54 > 8.0
34 0.15+0.06
−0.06
66.0+48.5
−17.4
84+8
−6
27.8+32.4
−15.0
35 0.11+0.03
−0.03
12.2+21.1
−4.9
147+6
−6
8.8+15.8
−2.2
36 0.14+0.05
−0.04
146.7+146.4
−63.1
62+5
−5
41.0+70.8
−−21
37 0.05+0.08
−0.05
6.8+12.9
−2.6
135+25
−21
2.0+2.8
−1.0
38 0.004+0.093
−0.004
2.1+7.9
−0.6
194+32
−49
0.8+0.1
−0.1
39 0.04+0.03
−0.04
6.1+12.4
−2.2
145+27
−27
2.1+2.3
−0.9
40 0.001+0.084
−0.001
5.8+23.7
−1.7
128+24
−29
1.3+2.5
−0.4
41 0.04+0.01
−0.04
11.2+40.2
−4.1
111+18
−17
2.4+4.7
−1.1
42 0.06+0.26
−0.06
8.9+214.4
−3.3
129+23
−35
2.9+36.7
−1.6
43 0.13+0.17
−0.08
23.9+54.4
−8.0
104+11
−9
8.7+8.5
−1.5
44 < 0.09 6.5+18.0
−2.0
131+25
−22
1.6+1.4
−0.3
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Figure 4. Top panel: best-fitting column density nH plotted
against the extrapolated blackbody bolometric luminosity. Mid-
dle panel: nH plotted against the best-fitting blackbody tempera-
ture. Bottom panel: nH plotted against the best-fitting blackbody
radii. In all panels, triangles indicate values that are only upper
or lower limits in one of the parameters.
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state in luminous BHs at accretion rates & a few per-
cent of the Eddington limit (Kubota, Done & Makishima
2002; Remillard & McClintock 2006). The IMBH scenario
was based on the interpretation of the thermal compo-
nent as disk emission in the high/soft state; however, we
see that the thermal component in ULSs does not behave
like a standard disk in the canonical high/soft state. In-
stead, temperature variations at approximately constant
bolometric luminosity are often found in systems with
expanding photospheres, such as some novae and classi-
cal SSSs, which have been observed to oscillate between
an X-ray bright (interpreted as a hotter, smaller photo-
sphere) and a UV-bright (cooler, larger photosphere) state
(van den Heuvel et al. 1992; Pakull et al. 1993).
Another important result of our fits is that there is
an anticorrelation between fitted radii and temperatures
(Figure 3, and Tables 2 and 3). For example, using black-
body models, we find that for the ULS in M101 rbb ∝
T−1.88±0.87bb (Spearman rank r = −0.82 ignoring errors and
r = −0.87 ± 0.10 when considering errors using a Monte
Carlo perturbation error analysis outlined in Curran 2014).
For the whole sample of ULSs rbb ∝ T−2.16±0.46bb (Spear-
man rank r = −0.73 ignoring errors and r = −0.46 ± 0.09
with errors). This is again consistent with the behaviour of
a moving photosphere.
For completeness, we also plot the best-fitting values of
the absorbing column density nH versus the bolometric lu-
minosity, the temperature and the radius (Figure 4). There
is always, inevitably, a degree of degeneracy between col-
umn density and the other fit parameters for supersoft ther-
mal components. We do not find any systematic trend be-
tween nH and blackbody temperature, which supports our
claim that the fitted spread in temperatures is a real effect.
Some of the observations with low nH also have low fitted
radii, but this needs not be a fitting degeneracy: it is physi-
cally plausible that nH increases when our line of sight goes
through a thicker, larger outflow. In particular, for ObsID
934 of the M101 ULS, it was shown by Soria & Kong (2015,
MNRAS, in press, arXiv:1511.04797) that the strong intra-
observation evolution (in the sense of smaller radii for hotter
temperatures) is recovered both when the column density is
locked between all three sub-intervals, and when it is left
free; therefore at least in that case it is not due to a fitting
degeneracy.
Two classes of physical sources show soft thermal emis-
sion at temperatures ∼0.1 keV, comparable with those fit-
ted to ULSs. The first class is that of classical SSSs. For our
comparison, we used a sample of SSSs in M31 with well-
constrained distance and spectral parameters (Orio et al.
2010), and we added the three best-studied SSSs in the Local
Group (Cal87, Cal83 and RXJ0513.9−6951), with fit param-
eters from Ness et al. (2013). We find (Figure 5 and Figure
6) that ULSs and classical SSSs represent two separate pop-
ulations. Although their temperature range largely overlaps,
ULSs have larger radii, and bolometric blackbody luminosi-
ties at least an order of magnitude higher. We are aware
of the uncertainty in the extrapolation of a blackbody spec-
trum from soft X-rays to (unobserved) UV; however, the dif-
ference in luminosity between the two populations is a robust
result, and applies also to the directly observed luminosity
above 0.3 keV. Only ULSs reach luminosities one order of
magnitude above the Eddington limit of a nuclear-burning
WD. As we mentioned in Section 2.2, a couple of sources
(r2-12 in M31 and SSS2 in NGC300) seem to have inter-
mediate properties, and it is not clear whether they should
be classified as ULSs or as extremely bright classical SSSs.
In summary, apart from those few ambiguous cases, the lu-
minosity distribution of ULSs and SSSs is consistent with
the scenario that the former group contains accreting black
holes and the latter group nuclear-burning white dwarfs.
The second class of accreting sources with a cool
thermal component is that of ULXs with a soft excess
(Feng & Soria 2011, for a review). The physical origin of
the soft excesses in ULXs is still disputed. Currently, per-
haps the most popular interpretation is that the soft ex-
cess is emitted from a super-critical disk wind, launched
from near the spherization radius (King & Pounds 2003;
Poutanen et al. 2007; Sutton, Roberts & Middleton 2013;
Middleton et al. 2015). An alternative scenario (Miller et al.
2013) is that it comes from the disk—either from a full stan-
dard disk around an IMBH or from the outer part of the
disk around a super-Eddington stellar-mass BH. In addition
to the thermal component, ULXs have a (dominant) harder
component, with a downturn at energies &5 keV. The origin
of the hard component (absent or very faint in ULSs) is also
disputed, but is likely to be associated with the hot inner
region of the inflow—either a non-standard disk or a warm
corona (Roberts 2007; Miller et al. 2014; Middleton et al.
2015). Regardless of the true physical origin of the two com-
ponents, ULX spectra have traditionally been fitted with
a disk-blackbody model plus a Comptonized component.
For our comparison of ULX and ULS properties, we used
two samples of well-studied ULXs in nearby galaxies, from
Stobbart, Roberts & Wilms (2006) and Kajava & Poutanen
(2009). This is by no means a statistically complete sam-
ple; however, it is representative of the general appearance
of ULXs with a broad-band component and a soft thermal
component. We compared the disk-blackbody temperatures
and radii of our sample of ULSs (Table 3) with the disk-
blackbody temperatures and radii of those ULXs from the
published literature3. We find (Figure 7 and Figure 8) that
thermal components in ULXs lie at the high-temperature
end of the ULS population. There is a degree of overlap-
ping in temperature and luminosity for sources with a ther-
mal component at kTin ≈ 0.10–0.15 keV. Above those tem-
peratures, we find almost exclusively ULXs with the addi-
tional, dominant harder component; below those tempera-
tures, most sources are ULSs without hard tails. The lack of
ULXs with a dominant hard tail and a thermal component
cooler than ≈100 eV may be partly due to the fact that
it is more difficult to identify a statistically significant soft
excess at such low temperatures if the spectrum is domi-
nated by the broad-band component. However, the lack of
a population of soft sources with no hard tail and a thermal
component hotter than ≈150 eV must be due instead to a
real threshold in the physical structure of the inflow/outflow.
3 Similar results are expected if we compare single-temperature
blackbody rather than disk-blackbody fit parameters in ULS and
ULX spectra; we leave this exercise to further work.
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Table 4. Best-fitting parameters and F-test significance of additional spectral features (absorption edges or line emission) at all epochs
in which they significantly improve the fit. Errors are 90% confidence limits for single parameters.
Galaxy & Obs ID Thermal Plasma Edge
kT (keV) Normalization Significance E (keV) τmax Significance
Antennae-3042 1.04+0.03−0.04 3.68
+3.06
−2.41 > 99.9%
NGC4631-0110900201 0.94+0.03−0.02 4.18
+4.30
−1.82 > 99.999%
NGC247-12437 0.95+0.03
−0.02 4.45
+2.98
−1.93 > 99.999%
NGC247-17547 1.50+∗−0.50 9.8
+7.8
−6.9×10
−5 > 95%
M51-1622 0.98+0.12−0.08 1.6
+∗
−1.0 > 95%
M51-3932 0.61+0.11
−0.12 6.6
+5.3
−3.1×10
−6 > 99%
M51-13813 0.60+0.11−0.14 4.9
+1.8
−1.4×10
−6 > 99.99%
M51-13812 0.56+0.06−0.06 5.2
+2.3
−1.6×10
−6 > 99.99%
5.1+∗
−3.2 1.5
+1.1
−1.0×10
−6 > 95%
M51- 13814 0.64+0.08−0.04 1.6
+0.4
−0.3×10
−5 > 99.99% 1.02+0.05−0.05 0.52
+0.30
−0.24 > 99.9%
M51- 13815 0.67+0.10−0.08 6.9
+3.4
−2.9×10
−6 > 95% 1.30+0.06−0.04 5.3
+∗
−3.9 > 99%
M101-934-high 0.61+0.06−0.06 1.7
+1.0
−1.1×10
−5 > 99.9%
0.98+0.16−0.17 3.9
+1.4
−1.4×10
−5 > 95%
2.5+∗−1.2 1.9
+1.9
−1.6×10
−5 > 95%1
M101-934-med 0.61+0.06−0.06 2.6
+0.5
−0.4×10
−5 > 99% 1.07+0.03−0.03 2.1
+1.3
−0.8 > 99.9%
M101-row 32 0.59+0.21−0.26 2.9
+4.6
−1.5×10
−6 > 99% 0.93+0.05−0.04 2.1
+1.6
−0.9 > 99%
M101-4737 0.70+0.17−0.13 3.1
+1.5
−1.5×10
−5 > 95%
1.30+0.20−0.20 4.3
+1.7
−1.6×10
−5 > 99%
1 This thermal plasma component is statistically equivalent to a bremsstrahlung or comptt component.
4.2 Transition ULSs in M101 and NGC247
In some epochs, the two ULSs in M101 and NGC247 overlap
with the spectral parameters typical of the ULX population.
In both sources, a harder component appears in epochs when
their blackbody temperature is highest (Soria & Kong 2015,
MNRAS, in press, arXiv:1511.04797), approaching 150 eV
(corresponding to the brightest X-ray state for both sources,
although not necessarily the most luminous in bolometric
terms). Both ULSs show an interesting and somewhat sim-
ilar spectral change at those high count rates.
For M101, we fitted two sub-intervals (at “high” and
“medium” count rate) of the long Chandra observation from
2000 March 26 (ObsID 934); those time intervals were em-
pirically defined by Mukai et al. (2003), and were later ana-
lyzed and discussed also by Kong & Di Stefano (2005) and
Soria & Kong (2015, MNRAS, in press, arXiv:1511.04797).
The fitted blackbody temperature in the medium count-rate
interval is kTbb ≈ 120 eV, and there is a highly significant
(Table 4) thermal-plasma components at kT1 ≈ 0.6 keV (red
datapoints and residuals in Figure 9). The thermal-plasma
emission contributes ≈ 10% of the unabsorbed luminosity in
the 0.3–10 keV band, that is ≈ 3 × 1038 erg s−1, compared
with a total (blackbody plus mekal components) 0.3–10 keV
emitted luminosity of ≈2.5 × 1039 erg s−1 in that time in-
terval. Above 1 keV, the spectrum is significantly modified
by an absorption edge at E ≈ 1.05± 0.05 keV, with optical
depth τ ≈ 2 (Table 4).
In the high count-rate interval, the temperature of the
optically thick thermal component increases to kTbb ≈ 135
eV; the thermal-plasma component at kT1 ≈ 0.6 keV is still
detected and another one is required at kT1 ≈ 1.0 keV,
suggesting a spread of temperatures in the thermal plasma.
No edge is present in the spectrum this time; instead, an
additional, harder emission component (Table 4) provides
significant flux in the 1–5 keV band (blue datapoints and
residuals in Figure 9). This hard tail can be equally well
fitted with an additional mekal or bremsstrahlung compo-
nent at kT & 2 keV, or with inverse-Compton emission (e.g.,
comptt). In fact, if we had no other knowledge of this source
from other epochs, the inverse-Compton model would have
been the default choice, and this accreting source would have
been classified as a standard broad-band ULX with a strong
blackbody soft excess at kTbb ≈ 0.14 keV (or a disk temper-
ature kTin ≈ 0.18 keV). The 0.3–10 keV luminosity emit-
ted in the three mekal components (or in the two mekal
plus comptonized component) is ≈7 × 1038 erg s−1 during
the high count-rate interval. The total emitted luminosity
(blackbody plus all other components) in the same band is
≈4× 1039 erg s−1 during the same interval.
Another epoch when the M101 ULS spectrum displays
a significant harder component is 2005 January 1 (ObsID
c© 2002 RAS, MNRAS 000, 1–23
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Figure 5. Red datapoints: bolometric luminosity versus black-
body temperature distribution of the seven ULSs in our sample at
various epochs (values from Table 2). Magenta datapoints: same,
for a sample of classical SSSs in M31, from Orio et al. (2010);
stars mark representative locations of the three best-known SSSs
in the Local Group (Cal83, Cal87 and RXJ0513.9−6951), from
Ness et al. (2013). Green and blue datapoints are the luminos-
ity and temperature of the (variable) supersoft sources r2-12 in
M31 (data from Trudolyubov & Priedhorsky 2008) and NGC300
SSS2 (from our own spectral analysis) respectively; both sources
are brighter than classical SSSs but narrowly missed out on our
threshold 1039 erg s−1 luminosity for the definition of ULSs. The
dashed line shows the Eddington luminosity of a 1.4-M⊙ accretor,
which should provide an approximate upper limit to the luminos-
ity of classical SSSs if powered by nuclear-burning WDs.
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Figure 6. Red datapoints: fitted inner-disk radius versus black-
body temperature for our sample of ULSs. Magenta datapoints:
same, for the classical SSSs in M31 (Orio et al. 2010). Green and
blue datapoints are the luminosity and radius of r2-12 in M31 and
NGC300 SSS2 respectively. Stars are representative values for
Cal83, Cal87 and RXJ0513.9−6951. Solid line: radii and temper-
atures predicted by the super-Eddington outflow model described
in Soria & Kong (2015, MNRAS, in press, arXiv:1511.04797), for
a 10-M⊙ BH. Dashed line: same, for a 1.5-M⊙ NS.
4737), as shown in Soria & Kong (2015, MNRAS, in press,
arXiv:1511.04797). The hard excess above the blackbody
component is again well fitted with mekal components, pro-
viding once again an emitted luminosity ≈7 × 1038 erg s−1
in the 0.3–10 keV band out of a total in the same band of
≈4× 1039 erg s−1.
For the ULS in NGC247, we compared the Chandra
spectra from 2011 February 1 (ObsID 12437) and from 2014
November 12 (ObsID 17547). In the first epoch (red data-
points and ratios in Figure 10), the fitted blackbody tem-
perature is kTbb ≈ 120 eV. Adding thermal-plasma compo-
nents here does not improve the fit, although this may be
due to the low signal-to-noise ratio and few counts available
(we had to use the Cash statistics for spectral fitting). An
absorption edge is detected at E = 0.95 ± 0.02 keV, with
optical depth τ ≈ 4. In the 2014 spectrum (blue datapoints
and ratios in Figure 10), the fitted blackbody temperature
has increased to kTbb ≈ 140 eV. The absorption feature has
disappeared, and a hard tail is now significantly detected
above the blackbody spectrum, up to ≈2 keV. The hard
component can be equally well modelled as thermal-plasma
emission at kT ≈ 1.5 keV, or as an inverse-Compton com-
ponent with a high-energy cut-off at ≈2 keV. Based on this
epoch alone, this source could also be classified as a standard
ULX with soft excess. The unabsorbed 0.3–10 keV luminos-
ity of the harder component is ≈2 ×1038 erg s−1, out of a
total emitted luminosity in the same band of ≈1.5 × 1039
erg s−1.
Among the observations listed in Table 1 for all seven
ULSs, only a few have enough counts to allow multi-
component fitting. However, the presence of harder spectral
components in several observations (in addition to those
already discussed for M101 and NGC247) may be indi-
rectly inferred from model-independent X-ray colour-colour
plots. Using the energy bands defined in Section 2.1, we
expect that supersoft sources with a pure blackbody spec-
trum at kTbb . 100 eV should cluster around (H−M)/T≈ 0,
(M−S)/T ≈ −1. Instead, we find (compare Figure 11 with
Figure 1) that the distribution of all the observations sug-
gests a possible small scatter towards slightly harder colours
(a type of colours characteristic of what were called “quasi-
soft sources”, Di Stefano & Kong 2003, 2004). Such colours
are consistent with the presence of either a thermal-plasma
emission or a soft inverse-Compton or power-law tail in
many epochs.
4.3 Preliminary study of short-term variability
Although the focus of this paper is on the spectral prop-
erties of the ULS population, we also briefly examined the
intra-observation variability of the individual sources. The
main objectives are to search for possible eclipses and to
test whether there is a difference between the variability of
the harder and softer photons. Finding eclipses in a ULS
would confirm that it is viewed at high inclination, and
would provide other useful constraints on the size of the
system and the type of donor star, hence it would also help
us understand the ULS class as a whole. Finding differ-
ent variability behaviour at lower and higher energies would
confirm the presence of two separate emission components,
strengthening the link with the behaviour of standard ULXs
(Middleton et al. 2011; Sutton, Roberts & Middleton 2013).
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Figure 7. Light blue datapoints: best-fitting disk-blackbody
radius versus best-fitting peak colour temperature, for each
ULS observation with spectral information. Red datapoints:
disk-blackbody radius versus peak temperature for the soft
thermal component in a sample of ULX spectra fitted by
Kajava & Poutanen (2009). Blue datapoints: disk-blackbody ra-
dius versus peak temperature for the soft thermal component in
a sample of ULXs studied by Stobbart, Roberts & Wilms (2006).
This diagram suggests a physical connection between the soft
thermal component of ULSs and ULXs—although, in the latter
case, a dominant harder component is also present.
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Figure 8. Bolometric disk-blackbody luminosity versus peak
colour temperatures for ULSs and ULXs, showing no sign of
the L ∝ T 4 standard disk relation. (See Soria (2007) and
Kajava & Poutanen (2009), for a discussion of the lack of such
correlation in ULXs.) The grey shaded area represents the range
of temperature and luminosities in which the spectrum of an ac-
creting BH is expected to be in the canonical high/soft state,
dominated by a thermal disk component (i.e., for 0.02 . m˙ . 1):
almost all ULSs fall outside this region, effectively ruling out an
IMBH interpretation. The star near the top of the diagram rep-
resents the characteristic luminosity and peak temperature of the
IMBH candidate HLX-1 (Farrell et al. 2009) at the peak of its
recurrent outbursts.
Possible detection of an eclipse was claimed for M81
N1 in the Chandra ObsID 390 (Swartz et al. 2002). At the
beginning of that observation, the observed count rate and
flux were at the highest recorded value for this source, ≈0.2
counts s−1, but dropped to a value consistent with zero in ≈
200 s. That drop happened simultaneously in a softer (0.3–
0.7 keV) and harder (0.7–1.5 keV) sub-band (Figure 12, top
panel). Possibilities such as a sudden change in accretion
rate, or in the size of the photosphere, were examined in
Swartz et al. (2002), but the most likely explanation was
considered to be an eclipse by the companion star. There-
fore, we searched for evidence of similar sudden flux changes
in other epochs. We examined all 20 Chandra observations,
and found that sharp drops of the count rate to effectively
zero for a few hundred or a few 1000 s occur several times,
with different durations, no regular pattern, and sometimes
interspersed with small flarings. We also found no relation
between the hardness of the source (ratio between the count
rates at 0.7–1.5 keV and 0.3–0.7 keV) during an observa-
tion and the likelihood of flux dips. In short, those dips
appear as random fluctuations, as far as we can ascertain.
We show (Figure 12, top panel) the original Swartz et al.
(2002)’s claim of an eclipse, together with a similar episode
during ObsID 5940 (Figure 12, middle panel), and, con-
versely, a sudden increase of the count rate in ObsID 5944
(Figure 12, bottom panel) after an initial part of the obser-
vation consistent with no observed flux. Dips in the count
rate from an average baseline value to zero often occur over
timescales as short as ≈100 s. The morphology of these dips
(and a few other dips of shorter duration during some of
the other epochs) suggests that we are not seeing an eclipse
from the donor star. Instead, we argue that we are look-
ing at occultations from cold, optically thick “clouds” (or
equivalent structures) located near or above the outer disk.
In the super-Eddington outflow interpretation of ULSs, we
do indeed expect the emitting region to be surrounded by
denser, cooler clouds, possibly falling onto the outer disk in
a “failed wind” scenario. Another possibility is that the ob-
scuring material is associated with the accretion stream from
the donor star, or where such stream impacts the outer disk.
In the case of M81 N1, assuming that it is a stellar-mass
X-ray binary, with typical outer radius of the accretion disk
∼1011–1012 cm, we can easily verify that obscuring clouds or
clumps in virial motion or Keplerian rotation, located at the
outer edge of the disk, would be able to occult the emitting
region (size rbb ≈ a few 109 cm) in a time t ∼ 2rbb/vK . 100
s.
We found analogous energy-independent dips in the
Chandra lightcurves of the M51 ULS, at some epochs. The
two most striking examples are shown in Figure 13. In
the top panel, we show the full-band lightcurve from Ob-
sID 13814. We examined other point-like sources and back-
ground regions in the same field to verify that the dip that
occurred at observation time ≈1.5 ×105 s is real, and not
a glitch or detector artifact. The full duration of the dip is
≈8000 s. We also show (Figure 13, middle panel) a zoomed-
in view of the same dip in the 0.3–0.7 keV and 0.7–1.5 keV
bands. Only 3 days later (ObsID 13815), in the subsequent
Chandra observation of M51, the ULS appeared at a very
low flux level at the start of the observation (Figure 13,
bottom panel) and then jumped up to an average flux an
order of magnitude higher in less than an hour; the initial
c© 2002 RAS, MNRAS 000, 1–23
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Figure 9. Top left panel: Chandra/ACIS-S spectral data, model fits and χ2 residuals for the M101 ULS during the high count-rate (blue
datapoints) and medium count-rate (red datapoints) time intervals of ObsID 934 (2000 March 26). The intervals were originally defined by
Mukai et al. (2003) and were also used by Kong & Di Stefano (2005) and by Soria & Kong (2015, MNRAS, in press, arXiv:1511.04797).
Both spectra were grouped to > 15 counts per bin before χ2 fitting. Top right panel: unfolded spectra of the M101 ULS during the
high and medium count-rate intervals of ObsID 934 (blue and red datapoints, respectively), corresponding to the spectral fits shown in
the top left panel. Bottom left panel: detailed view of the model components required to fit the high count-rate interval: a blackbody
component at Tbb ≈ 135 eV (solid red curve), and three mekal components with T1 ≈ 0.6 keV (dashed magenta curve), T2 ≈ 1.0 keV
(dot-dashed green curve) and T3 ≈ 2.5 keV (dotted blue curve). Bottom right panel: model components required to fit the medium
count-rate interval: a blackbody component at Tbb ≈ 119 eV (solid red curve), a single mekal component with T ≈ 0.6 keV (dashed
magenta curve), and an absorption edge at E ≈ 1.05 keV with optical depth τ ≈ 2.
low-flux interval lasted for at least 18 ks. Clearly, we cannot
explain both dips as due to an eclipse by the donor star, be-
cause of their different duration. On the other hand, it is also
unlikely (especially for the dip in ObsID 13814) that such
sharp, energy-independent flux suppressions and recoveries
are due to state transition in the emitting region of the flow.
Thus, occulting material in the outer disk or outer part of
the BH Roche lobe passing in front of the emitting region
seems to be the most likely explanation, especially if ULSs
are seen at high inclination angles.
Somewhat similar dips were previously seen in a ULX
in NGC55 (Stobbart, Roberts & Warwick 2004) and were
also interpreted as orbiting clumps of obscuring material
passing in front of our line of sight. In that case, the rel-
ative depth of the flux dips increased at higher energies
(Stobbart, Roberts & Warwick 2004); instead, in the M81
and M51 ULSs, the dips appear energy independent. How-
ever, the energy bands over which we detected the dips in
those two ULSs are only 0.3–0.7 keV and 0.7–1.5 keV, be-
cause of a lack of higher-energy photons. Another ULX that
showed non-periodic dipping behaviour, found from Swift
monitoring, is NGC5408 X-1 (Grise´ et al. 2013); inciden-
tally, both ULXs in NGC55 and NGC5408 are in the soft-
ultraluminous regime (Sutton, Roberts & Middleton 2013),
which is relevant for what we shall discuss in Section 5.3. A
possible comparison can also be made with the transitions
between Compton-thin and Compton-thick spectra in some
AGN, most notably NGC1365, which have been interpreted
(Risaliti et al. 2005, 2007) as occultations by rotating clouds
or similar circumnuclear absorbers.
A discussion of the complex high intra-observation vari-
ability of the ULS in M101 is presented in Soria & Kong
(2015, MNRAS, in press, arXiv:1511.04797); here we shall
only mention a couple of issues more directly relevant to the
questions addressed in this paper. We did not find conclu-
sive evidence of sharp energy-independent dips at any epoch,
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Table 5. rms fractional variability in different energy bands, for
the two observations of the M101 ULS with higher signal-to-noise
ratio.
Parameter ObsID 934 ObsID 4737
Band (Hz) 10−5–0.05 5× 10−5–0.05
rms (0.3–0.7 keV) < 36% (58 ± 12)%
rms (0.7–1.5 keV) (70 ± 4)% (89± 6)%
rms (1.5–7.0 keV) (100 ± 24)% (162 ± 17)%
although there are possible hints of similar behaviour, for
example the interval between 4000 and 6000 s into Chan-
dra ObsID 4737 (Figure 14, top panel). Instead, M101 ULS
is notable for the short-term variability and irregular flar-
ing of the emission, especially in the harder energy band
(0.7–1.5 keV). The different behaviour of the soft-band and
hard-band lightcurves (Figure 14, both panels) is consis-
tent with the presence of two emission components, which is
what we have already shown from spectral analysis (Section
4.2). For a more quantitative estimate, we calculated the
root-mean-square (rms) fractional variability (Edelson et al.
2002; Markowitz, Edelson & Vaughan 2003; Vaughan et al.
2003; Gierlin´ski & Zdziarski 2005; Middleton et al. 2011) in
the two individual observations with the highest signal-to-
noise ratio: ObsID 934 and ObsID 4737. The lightcurves
from both observations were binned to 10-s intervals. The
results are summarized in Table 5 (see also Soria & Kong
2015, MNRAS, in press, arXiv:1511.04797). The huge frac-
tional variability is another strong argument against IMBH
models and more generally against the standard disk emis-
sion. Accretion disks in a high/soft state have low (< a few
%) variability (Belloni 2010). The increase in rms variabil-
ity at higher energies is similar to what is found in ULXs in
the soft-ultraluminous state (Sutton, Roberts & Middleton
2013; Middleton et al. 2011, 2015).
Although the lightcurves in the 0.3–0.7 and 0.7–1.5 keV
bands for the M101 ULS appear different and probably
dominated by two distinct emission components, such com-
ponents cannot be independent of each other. As we dis-
cussed in Section 4.2 (see also Soria & Kong 2015, MNRAS,
in press, arXiv:1511.04797), the harder component appears
only when the soft thermal component is warmer (blackbody
temperature &100 eV) and its emitting area smaller (black-
body radius .20,000 km). In the framework of the optically
thick wind model, the harder component becomes visible
when the outflow photosphere shrinks. Another caveat is
that the variability of the observed count rate in the softer
band is not necessarily a good proxy for the variability of
the thermal component. We know that its radius and tem-
perature vary in anticorrelation within a single observation
(as is the case in ObsID 934) and between epochs, with
smaller changes in the emitted flux (the larger emitting area
somewhat compensating for the lower temperature). The ob-
served changes in the 0.3–0.7 keV count rate mostly track
the shift of the blackbody peak between soft X-rays and
far-UV (in and out of the detector’s sensitivity) rather than
changes in the intrinsic bolometric luminosity of the thermal
component; conversely, the dramatic flaring of the lightcurve
above 0.7 keV probably tracks real flux changes in the harder
component.
Finally, we examined the remaining four ULSs of our
sample, looking for further examples of interesting short-
term variability in the 0.3–0.7 and 0.7–1.5 keV bands, at
least at epochs with better signal-to-noise ratio (Figure 15).
We already showed that NGC247 ULS has two emission
components during Chandra ObsID 17547: its lightcurve
shows the harder component decline and disappear over
the 5000-s duration of that observation. Independent short-
term variability is seen in both the 0.3–0.7 and 0.7–1.5 keV
bands for the Antennae ULS, but the low signal-to-noise
ratio prevents more quantitative analysis. Only emission in
the 0.3–0.7 keV band was detected in the NGC300 ULS,
the softest of all the sources in our sample. The XMM-
Newton observation of the NGC4631 ULS provides another
possibly different type of variability, with a characteristic
timescale of ≈15-ks independently seen both in the softer
and harder band. This quasi-periodic variability was discov-
ered by Carpano et al. (2007) and interpreted as the binary
period of the system; alternatively, Soria & Ghosh (2009)
suggested it might also be explained as a pulsation period
of a B-type donor star. Considering that the periodicity is
based only on two dips during an ≈40-ks good-time-interval
of a single observation, we cannot rule out a non-periodic
flaring behaviour, similar to flaring behaviour of other ULSs.
5 PHYSICAL INTERPRETATION
5.1 Alternative models for ULSs
Our results show that ULSs share common properties and
deserve to be identified as a distinct sub-class of accret-
ing sources. Their characteristic blackbody temperatures are
≈50–140 eV, their fitted radii span a range ≈5,000–100,000
km, and the extrapolated bolometric luminosities are ≈ a
few times 1039 erg s−1. We have presented a sample of ob-
servations large enough to show a significant anticorrela-
tion between temperature and luminosity, but no trend be-
tween bolometric luminosities and temperatures. Based on
the population properties presented in Section 4, we can now
address some of the unsolved problems.
The most exotic and intriguing scenario proposed for
ULSs is that we are seeing the optically thick, geometrically
thin disk of an accreting IMBH in the high/soft state, by
analogy with the thermal state of stellar-mass BHs. This
implies that the fitted disk-blackbody radius corresponds to
the inner radius of the accretion disk and should be a good
approximation for the innermost stable circular orbit. As-
suming non-spinning Schwarzschild BHs, the characteristic
range of radii observed in our sample translates to a black
hole mass range ≈500–10,000M⊙. However, there are sev-
eral problems with this interpretation. Firstly, we see the fit-
ted radius change from epoch to epoch for the same source,
indicating that it cannot be fixed at rISCO. This point is
reinforced by the fact that none of the sources follows the
L ∝ T 4 trend that is expected of accretion disks in the
high/soft state (e.g., Remillard & McClintock 2006), nor the
flatter L ∝ T 2 trend observed when the accretion rate ap-
proaches the Eddington limit (Kubota & Makishima 2004).
Instead, we observe no significant trend in luminosity asso-
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Figure 10. Top left panel: Chandra/ACIS-S spectral data, model fits and data/model ratios for the NGC247 ULS during two different
observations: blue datapoints are for ObsID 17547 (2014 November 12), red datapoints for ObsID 12437 (2011 February 1). As for the
M101 ULS (see Figure 9), both spectra are dominated by blackbody emission (see Table 2 for the fit parameters), but during ObsID
17547 there is additional harder emission, while during ObsID 12437 there is an absorption edge. Model ratios rather than residuals were
plotted because both spectra were fitted (unbinned) with the Cash statistics and were later rebinned for plotting purposes only. Top right
panel: unfolded spectra of the NGC247 ULS during ObsID 17547 (blue datapoints) and ObsID 12437 (red datapoints), corresponding to
the fits shown in the top left panel. Bottom left panel: detailed view of the model components required to fit ObsID 17547: a blackbody
component at Tbb ≈ 130 eV, and a mekal component with T1 ≈ 1.3 keV. Bottom right panel: model components required to fit ObsID
12437: a blackbody component at Tbb ≈ 120 eV, and an absorption edge at E ≈ 0.95 keV with optical depth τ ≈ 4.
ciated with changes in radius and temperature (Figures 2
and 3).
Secondly, the high/soft state scenario is not self-
consistent, in the sense that the inferred luminosities and
temperatures are too low for the fitted radii. This can be
better illustrated in the following way. The characteristic
relation between peak colour temperature and dimension-
less accretion rate (in Eddington units) for a standard disk
is
kTin ≈ 230 (m˙/M4)1/4 eV (1)
(Shakura & Sunyaev 1973; Kubota et al. 1998; Soria 2007;
Done et al. 2012), where M4 is the BH mass in units
of 104M⊙. For a BH to be in the canonical high/soft
state, the accretion rate must be (on average) m˙ & 0.02
(Maccarone 2003); we can also take m˙ . 1 as a safe up-
per limit above which stellar-mass BHs are in the very high
state or ultraluminous state, with an additional power-law
component or broad-band inverse-Compton emission, and
will appear non-thermal (Remillard & McClintock 2006;
Gladstone, Roberts & Done 2009). Taken together, those re-
lations imply that for each fitted colour temperature, we can
determine the range of BH masses for which the accretor is
in the thermal-dominant state:
Mmin,4 ≡ 0.02
(
230 eV
kTin
)4
. M4 .
(
230 eV
kTin
)4
≡Mmax,4
(2)
From this mass range, we can then determine the corre-
sponding luminosity range of the thermal-dominant state
at a given temperature, because L ≈ m˙LEdd in that state.
Thus:
Lmin ≡ 0.02LEdd(Mmin) . L . LEdd(Mmax) ≡ Lmax, (3)
that is
5.2×1038
(
230 eV
kTin
)4
.
L
erg s−1
. 1.3×1042
(
230 eV
kTin
)4
.
(4)
The luminosity range of Equation (4) is plotted as a grey
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Figure 11. Left panel: X-ray colour-colour plot of all ULS observations considered in our study (Table 1). Error bars are plotted only for
datapoints not clustered around (0.0,−1.0); error bars for the clustered datapoints are shown in the zoomed-in right panel. The colours
are defined based on the background-subtracted count rates in the following bands: S = 0.3–1.1 keV; M = 1.1–2.5 keV; H = 2.5–7.0
keV. Purely supersoft thermal spectra would cluster exactly at (0.0,−1.0). As an indicative comparison, we plot the expected colours of
sources with different spectral models. Red solid line: colours of a thermal-plasma spectrum with kT = 0.5 keV, and absorbing column
density ranging from 2× 1020 cm−2 to 2× 1021 cm−2, if observed with Chandra/ACIS-S during Cycle 3. Red dotted line: same as above
but for Chandra/ACIS-S observations during Cycle 17. Green solid line: colours of a power-law spectrum with photon index Γ = 2.5,
and absorbing column density ranging from 2× 1020 cm−2 to 2× 1021 cm−2, if observed with Chandra/ACIS-S during Cycle 3. Green
dotted line: same as above but for Chandra/ACIS-S observations during Cycle 17. Blue solid line: as above, for a photon index Γ = 1.5
during Chandra Cycle 3. Blue dotted line: as above, for Chandra Cycle 17. Right panel: X-ray colour-colour plot with error bars, zoomed
in around (0.0,−1.0) for clarity. These plots show that in most of the epochs, the observed colours are consistent with a pure supersoft
thermal spectrum (essentially consistent with the predicted regions plotted in Figure 1 for temperatures of 70–150 eV), but in a few
cases there is a hint of additional harder components.
shaded area in Figure 8. For example, for kTin = 100 eV, the
high/soft state condition m˙ & 0.02 requires a BH massM &
5600M⊙ and a bolometric disk luminosity L & 1.5×1040 erg
s−1. The extrapolated disk luminosity of all the ULSs in our
sample at almost all epochs falls below the shaded area;
therefore, if they were IMBHs, their accretion rates would
be too low to be in the high/soft state. The M101 ULS
is the only source in our sample for which a direct mass
estimate has been attempted, based on the optical spectra
and time variability properties. Liu et al. (2013) argued that
they have determined strong constraints to its dynamical
mass, suggesting that it is a stellar-mass BH. Some of the
results of that study are still partly disputed (Soria & Kong
2015, MNRAS, in press, arXiv:1511.04797), but the evidence
in favour of a stellar-mass accretor appears to be stacking
up, as it is also for standard ULXs (Motch et al. 2014).
The second possible physical interpretation for ULSs
is that they are the high-luminosity tail of the clas-
sical SSS population, which is thought to be pow-
ered by surface-nuclear-burning WDs (van den Heuvel et al.
1992; Greiner 1996; Kahabka & van den Heuvel 1997;
Greiner & Di Stefano 2002; Starrfield et al. 2009). ULSs
and SSSs largely overlap in their temperature range; how-
ever, ULSs are on average an order of magnitude more lu-
minous than the upper luminosity threshold of SSSs (Fig-
ure 5), with very few detections in the gap between the
two populations. In itself, this does not prove that classi-
cal SSSs and ULSs are distinct physical systems, because
ULSs have been specially selected over a large volume of
space based on their extreme luminosity. (A study of the lu-
minosity distribution of SSSs and ULSs in an identical, com-
plete sample of galaxies is beyond the scope of this work.)
Models of soft, thermal X-ray emission from the expanding
atmosphere of a WD have been successfully used to repro-
duce nova outburst behaviour (e.g., Ness 2010; van Rossum
2012; Ness et al. 2013). The anticorrelation between tem-
peratures and radii observed in ULSs (Figure 6) is at least
qualitatively in agreement with this scenario, corresponding
to the transition between optically bright and X-ray bright
phases of SSSs (Southwell et al. 1996; McGowan et al. 2005;
Rajoelimanana et al. 2013). The fast variability (typical of
clumpy ejecta), the occasional dips possibly caused by cold
absorbers transiting in front of the emitting source, and
the detection of additional thermal-plasma components may
also be consistent with an optically thick outflow, which
cools as it expands, launched from the WD surface. What is
more problematic is that ULSs are persistently seen at lu-
minosities an order of magnitude higher than the Eddington
limit of the most massive WDs. It is hard to explain how
quasi-steady nuclear burning can be sustained at such lumi-
nosities for decades, instead of triggering runaway processes
leading to nova-like outbursts on timescales of a few tens of
days (e.g., as observed in MAXIJ0158−744: Li et al. 2012;
Morii et al. 2013).
The third possible interpretation for ULSs is that they
are powered by either BHs or NSs accreting at highly super-
critical rates. In this scenario, massive radiatively-driven
outflows are launched from the disk; if the accretion is
high enough and our viewing angle sufficiently high, such
outflows may be optically thick and create a large photo-
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Ultraluminous supersoft sources 17
sphere that shrouds the source of X-ray photons near the
compact object (King & Pounds 2003; Poutanen et al. 2007;
King 2010; Shen et al. 2015). The expansion and contrac-
tion of the wind photosphere accounts for the anticorrelated
changes in the observed radius and luminosity, similarly
to the expanding and contracting WD atmosphere in the
thermonuclear burning scenario. Density inhomogeneities
in the outflow can explain the highly variable nature of
ULSs and the coexistence of optically-thin and optically-
thick thermal emission components at some epochs, and
absorption edges at other epochs. Clumpy, optically thick
outflows are indeed predicted by MHD simulations of
super-critically accreting BHs (Jiang, Stone & Davis 2014;
Takeuchi, Ohsuga & Mineshige 2013, 2014). It was shown
(Soria & Kong 2015, MNRAS, in press, arXiv:1511.04797)
that with plausible assumptions on the super-Eddington
luminosity and launching radius of the outflow (near the
spherization radius), the observed temperatures and black-
body radii of ULSs suggest a highly super-Eddington m˙ ∼
a few 100 (Figure 6), which for a 10-M⊙ BH corresponds to
M˙ ≈ 10−4M⊙ yr−1. This is certainly extreme but similar
to the accretion rate inferred for example in SS 433 (Fabrika
2004). Mass transfer rates > 10−4M⊙ yr
−1 from a donor star
onto a BH or NS, on a thermal timescale, were shown to be
viable (Wiktorowicz et al. 2015) at various stages of stellar
evolution, most notably when intermediate-mass stars pass
through the Hertzsprung gap.
We suggest that the accretion rate and viewing angle
determine the average temperature, radius and luminosity
over a viscous timescale, while the clumpiness of the outflow
causes the observed short-term variability and possible oc-
cultation episodes, on timescales of a few 100 to a few 1000 s.
The simple model proposed by Shen et al. (2015) and Soria
& Kong (2015, MNRAS, in press, arXiv:1511.04797) is based
on a spherically symmetric approximation of the outflow. In
reality (as already noted in Poutanen et al. 2007), the view-
ing angle is also important, because the outflow is expected
to be denser closer to the disk plane, and may have an open
funnel along the polar axis. Therefore, a super-Eddington
accreting BH may appear as a ULS (in which the source
of hard photons is completely masked by the wind photo-
sphere) when seen at high inclination angles and extremely
high accretion rates (effectively optically thick outflow); or
as a ULX in the soft-ultraluminous regime (in which there is
a soft inverse-Compton tail) when seen at slightly lower incli-
nation angles and/or accretion rates (outflow only optically
thick to scattering); or as a ULX in the hard-ultraluminous
regime (in which there is a harder, more extended inverse-
Compton tail) when seen at low inclination angles (looking
into the polar funnel). See Figure 16 for a cartoon descrip-
tion of this spherically-symmetric scenario.
5.2 ULS accretors: neutron stars or black holes?
For a large enough accretion rate, NS accretors should be
just as viable as BH accretors in powering ULSs. If the mag-
netic field of the NS is too strong, it will impede the accre-
tion flow and truncate the accretion disk at the magneto-
spheric radius. However, at near- or super-Eddington accre-
tion rates, the pressure of the inflow can push the magneto-
spheric radius down to rISCO or just outside the NS surface.
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Figure 12. Top panel: Chandra/ACIS-S background-subtracted
lightcurve of M81 N1 during ObsID 390. Red datapoints = 0.3–
0.7 keV band; blue datapoints = 0.7–1.5 keV band. The data
have been binned to 200-s intervals. Middle panel: as above, for
ObsID 5940 and 500-s bins. Bottom panel: as above, for ObsID
5944 and 500-s bins. Error bars in all plots have been calculated
using Gehrels statistics (Gehrels 1986). (See Table 1 for details of
the observing epochs.)
The magnetospheric radius is defined as
rM = 5.1× 108M˙−2/716 m−1/71 µ4/730 cm, (5)
(Frank, King & Raine 2002) where M˙16 is the accretion rate
in 1016 g s−1, m1 is the NS mass in M⊙, µ30 is the magnetic
moment µ = Br3 in units of 1030 Gcm3. For a 1.4-M⊙ NS,
rISCO ≈ 1.2 × 106 cm ≈ rNS. Hence, the magnetospheric
radius is pushed down to rISCO for M˙ & 4.4× 1019B29 g s−1
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≈ 7× 10−7B29M⊙ yr−1 (with B9 the magnetic field in units
of 109 G). Such values of the accretion rates are plausible not
only for Hertzsprung-gap stars but even for massive donors
evolving on their nuclear timescale. For comparison, the Ed-
dington accretion rate for a NS is ≈ 1018 g s−1. Moreover, if
a super-Eddington disk outflow develops and forms a large,
optically thick photosphere at M˙ ∼ a few 10−5M⊙ yr−1, the
details of what happens near the inner edge of the accretion
disk or at the surface of the NS become irrelevant, and a
NS would look very similar to a BH, scaled to their respec-
tive Eddington luminosities. Since extremely super-critical
accretion is expected to happen both in NS and BH systems
(Wiktorowicz et al. 2015), we suggest that some ULSs may
contain NS, as is also the case for some ULXs (Bachetti et al.
2014). When the fitted blackbody radii and temperatures of
the 7+2 supersoft sources in our sample are compared with
the predictions of the optically thick outflow model of Soria
& Kong (2015, MNRAS, in press, arXiv:1511.04797), we see
(Figure 6) that there is an observational spread between the
expected location of 10-M⊙ BHs and 1.4-M⊙ NSs. Systems
such as r2-12 and NGC300 SSS2 are indeed consistent with
super-Eddington accreting NSs.
5.3 Link between ULXs and ULSs
The X-ray spectra of most ULXs can be described as a
slightly curved broad-band component with an additional,
soft thermal component (sometimes known as soft excess)
at kT ≈ 0.15–0.30 keV (Feng & Soria 2011, for a re-
view). The origin of both components is still unclear. In a
super-Eddington accretion scenario (King & Pounds 2003;
Poutanen et al. 2007; Middleton et al. 2015), the soft emis-
sion comes from the wind, near or just outside the spheriza-
tion radius. Smeared line-like residuals are sometimes seen
at energies ∼0.7–2 keV particularly for soft-ultraluminous
ULXs; those features are consistent either with thermal
plasma emission from a collisionally ionized wind, or with
absorption of the smooth broad-band continuum in a par-
tially ionized region of the outflow (Middleton et al. 2014).
The broad-band component becomes steeper, and trun-
cated at lower energies (typically, E ≈ 5 keV) for sources
seen at higher inclination angles, which are probably seen
through a thicker disk wind (soft ultraluminous regime:
Sutton, Roberts & Middleton 2013). This interpretation is
consistent with theoretical models of super-Eddington accre-
tion flows (e.g., Kawashima et al. 2012). Conversely, ULXs
seen at low inclination angles (i.e., looking down the polar
funnel) have a harder spectrum, caused by higher-energy
photons emitted in the innermost part of the inflow.
By contrast, ULSs are dominated by the thermal com-
ponent, at even lower temperatures than ULXs; in most
observations, that is in fact the only component signifi-
cantly detected. At some epochs, a non-dominant harder
emission in the 1–5 keV band is also detected (Section 4.2).
This harder component is consistent with multi-temperature
thermal-plasma emission; however, given the relatively low
signal-to-noise ratio, we are unable to rule out the alterna-
tive interpretation of a soft Comptonized component with
superposed absorption lines from partially ionized plasma.
In the former case, the harder component may be due to
emission from shock-heated gas just outside the outflow pho-
tosphere; in the latter case, we may be seeing occasional
glimpses of the hard emission from the innermost part of
the inflow, down-scattered and partly absorbed through the
outflow. The presence of absorption edges at ≈ 1 keV in
some sources at some epochs (most notably, the M101ULS
in the Chandra ObsID 934, the NGC247 ULS in the Chandra
ObsID 12437, and the NGC4631 ULS in the XMM-Newton
observation) is another indication of absorption through
clumpy, variable wind.
The intense short-term variability seen in many ULSs
(Table 5, and Figures 12–15) provides a further observa-
tional test of the relation between ULSs and ULXs. Low
variability is seen from (sub-Eddington) standard disks
in the high/soft state (Belloni 2010). Instead, high vari-
ability is seen in ULXs in the soft-ultraluminous regime
(Sutton, Roberts & Middleton 2013), in which the frac-
tional variability appears to increase at higher energy
bands (Middleton et al. 2011; Sutton, Roberts & Middleton
2013). For ULXs, this finding was interpreted as evi-
dence that most of the variability is associated with the
high-energy tail rather than the soft thermal emission;
Sutton, Roberts & Middleton (2013) argued that the vari-
ability is due to clumpy material at the edge of the super-
Eddington outflow intermittently occulting our direct view
of the hot central regions of the inflow. For the brightest ULS
in our sample, the one in M101, we also find that when a
harder component is present, its emission is more variable
and distinct from than that of the soft component (Fig-
ure 12), which is consistent with the ULX interpretation.
However, we stress again that with the data at hand, we
cannot yet determine whether the harder ULS component
is optically-thin thermal plasma emission in the outflow, or
a glimpse of direct hard emission from the innermost part
of the inflow, down-scattered and absorbed through the out-
flow.
The soft thermal component is itself variable from ob-
servation to observation and sometimes within individual
observations. We showed (Section 4.1) that there is a cor-
relation between lower blackbody temperatures and higher
blackbody radii. For example, the fitted temperature of the
thermal component in the M101 ULS went from < 50 eV
(90% confidence limit) on 2004 December 22–24, up to 75±6
eV on 2004 December 30, then 100 ± 10 eV on 2005 Jan-
uary 1, and down to 56 ± 5 eV on 2005 January 8 (Ta-
ble 2). At the same epochs, the fitted radius changed from
> 54, 000 km (90% confidence limit) to 43, 500+29,300−17,200 km,
to 22, 500+10,300−4,700 km, and back up to 100, 000
+80,000
−40,000 km.
This behaviour suggests that the soft emission comes from
the moving photosphere of a variable outflow rather than a
fixed-sized structure like an accretion disk, consistent with
the interpretation for ULXs. We speculate that we are seeing
day-to-day stochastic variability in the density and kinetic
energy of the outflow, analogous to the stochastic variability
in X-ray luminosity seen in bright X-ray binaries.
Based on the empirical properties summarized above,
we propose that ULSs are the most extreme form of soft-
ultraluminous regime, in which the hard photons from
the innermost regions are completely (or almost com-
pletely) masked and reprocessed by the optically-thick out-
flow. Like soft-ultraluminous ULXs, ULSs are likely to be
seen at higher inclination angles. We propose that the
key qualitative and quantitative difference between soft-
ultraluminous ULXs and ULSs is that in the former, the
c© 2002 RAS, MNRAS 000, 1–23
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Figure 13. Top panel: Chandra/ACIS-S background-subtracted
lightcurve of the M51 ULS during ObsID 13814, in the 0.3–1.5
keV band (1000-s bins). Middle panel: zoomed-in view of the time
around the dip, during ObsID 13814 (1000-s bins). Red datapoints
= 0.3–0.7 keV band; blue datapoints = 0.7–1.5 keV band. Bottom
panel: Chandra/ACIS-S 0.3–1.5 keV lightcurve of the M51 ULS
during ObsID 13815 (1000-s bins). Red datapoints = 0.3–0.7 keV
band; blue datapoints = 0.7–1.5 keV band.
outflow is optically thick to scattering but still effectively
optically thin; in ULSs, it is effectively optically thick (see
Rybicki & Lightman 1979, for a definition of effective op-
tical thickness, τ∗ν ). In quantitative terms, we can express
this condition as follows. Let us assume that the wind (with
density ρ) is launched from radius R and observed from in-
finity; let us define an absorption opacity κaν and a scattering
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Figure 14. Top panel: Chandra/ACIS-S background-subtracted
lightcurve of the M101 ULS during ObsID 4737 (500-s bins). Red
datapoints = 0.3–0.7 keV band; blue datapoints = 0.7–1.5 keV
band. Bottom panel: Chandra/ACIS-S background-subtracted
lightcurve of the M101 ULS during ObsID 934 (1000-s bins). Red
datapoints = 0.3–0.7 keV band; blue datapoints = 0.7–1.5 keV
band.
opacity κs. For ULSs we have:
τ∗ν (R) =
∫ ∞
R
ρ
√
κaν (κaν + κs) dr ≈
∫ ∞
R
ρ
√
κaνκs dr > 1
τs(R) =
∫ ∞
R
ρκs dr > 1, (6)
while for ULXs it is:
τ∗ν (R) =
∫ ∞
R
ρ
√
κaν (κaν + κs) dr ≈
∫ ∞
R
ρ
√
κaνκs dr < 1
τs(R) =
∫ ∞
R
ρκs dr > 1. (7)
We suggest that this is the main reason why ULXs still
have a dominant broad-band tail (rolling over at E & 5
keV) even in the soft ultraluminous state, consisting of hard
photons down-scattered multiple times but not absorbed by
the outflow. Instead, ULSs lose their tail and are dominated
by soft thermal photons emitted near the photosphere. In
order for the outflow to be effectively optically thick, at a
given viewing angle, the mass outflow rate (likely to be pro-
portional to the mass accretion rate at the outer edge of
the disk) must exceed a characteristic threshold, which in
a spherical approximation can be estimated as m˙ & a few
100 (Shen et al. 2015, Soria & Kong 2015, MNRAS, in press,
c© 2002 RAS, MNRAS 000, 1–23
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arXiv:1511.04797). Soft-ultraluminous ULXs are more likely
to be in a regime with 10 . m˙ . 100. These numbers are
purely indicative, and depend on our viewing angle: we do
not expect the wind to be optically thick along near-face-on
line-of-sight regardless of accretion rate, while more moder-
ate accretion rates may be enough to produce an optically
thick outflow if the source is viewed almost edge on. For
the same reason, the fitted photospheric radius will appear
larger when a system is seen more edge-on. Then, epoch-
to-epoch variability in ULSs may occur because of changes
in the accretion rate (and consequently in the outflow den-
sity), or because of changes in our viewing angle, due to disk
precession.
If our scenario is correct and ULSs have a highly super-
critical mass accretion rate, we might wonder why their ex-
trapolated bolometric luminosities (Table 2) are only ∼ a
few 1039 erg s−1, barely reaching 1040 erg s−1 in the most lu-
minous epochs. This is a few times lower than the most lumi-
nous ULXs found in the same volume of space. This can be
justified as follows. Firstly, given the logarithmic dependence
of emitted luminosity on m˙, with (in the outflow-dominated
case) L ∼ LEdd (1 + 0.6 ln m˙) (Shakura & Sunyaev 1973;
Poutanen et al. 2007), the supposedly higher accretion rate
of ULSs does not make a large difference: for example, for
m˙ = 30, L ≈ 3LEdd, while for m˙ = 300, L ≈ 4.4LEdd.
Secondly, in the model of Soria & Kong (2015, MNRAS,
in press, arXiv:1511.04797), the main parameter that deter-
mines whether or not the outflow is effectively optically thick
along a given line of sight (and therefore whether the source
will appear as a ULS or a ULX along that line of sight)
is the dimensionless mass accretion rate m˙ (normalized by
BH mass), not the absolute accretion rate M˙ . The absolute
value of M˙ available for accretion is limited by the evolu-
tionary stage of the donor star, but for a fixed M˙ , smaller
BHs (and NSs) will have a higher value of m˙ and therefore
a higher chance to be seen as ULSs than more massive BHs.
For example, a 50-M⊙ BH with M˙ ≈ 2 × 1021 g s−1 will
have m˙ ≈ 30 (probably not high enough to make the out-
flow effectively optically thick) and an intrinsic luminosity
L ≈ 2×1040 erg s−1 (typical of the brightest ULXs). Instead,
a 10-M⊙ BH with M˙ ≈ 4 × 1021 g s−1 will have m˙ ≈ 300
and an intrinsic luminosity L ≈ 6× 1039 erg s−1 (typical of
ULSs). Thirdly, if the outflow is denser and effectively op-
tically thick as we suggest it is in ULSs, a larger fraction of
radiative power is absorbed and converted to thermal and ki-
netic energy of the outflow: the photospheric luminosity may
be only ∼ 20–50 per cent of the intrinsic radiative power
(Lipunova 1999; Poutanen et al. 2007). Finally, the higher
apparent luminosity of hard-ultraluminous ULXs is boosted
by geometric collimation along the polar funnel, while the
apparent luminosity of ULSs is more likely to be reduced, if
they are seen at high inclination angles.
Another corollary of our proposed scenario is that ULSs
may become similar to soft-ultraluminous ULXs when their
photospheric radius seen along our line of sight decreases
(corresponding to a decrease in m˙ and in the total mass in
the outflow or to a change in viewing angle), thus revealing
the underlying inverse-Compton scattering region and/or in-
ner disk region, sources of the harder emission component.
This is consistent with our observed temperature distribu-
tion of the thermal component in ULSs (Figure 7): sources
with kTbb . 150 eV are mostly ULSs, while sources with
Figure 16. Top panel: cartoon sketch of our proposed classifi-
cation of ULXs and ULSs, function both of the accretion rate m˙
and of the viewing angle θ. For super-critical accretors, at most
lines-of-sight (except for the polar funnel), there will be an accre-
tion rate threshold at which the outflow becomes dense enough
to be effectively optically thick to the X-ray emission from the
inner accretion disk. However, this threshold will be reached at
lower values of m˙ for sources seen at higher inclination angles,
because the wind is thicker at higher θ. Bottom panel: an alter-
native classification in which the difference between ULXs and
ULSs depends only on θ. This is not our preferred scenario, be-
cause it ignores the fact that the optical thickness of the outflow
increases with m˙ (Poutanen et al. 2007), and the opening angle
of the funnel decreases with m˙ (e.g., King 2009).
kTbb & 150 eV generally contain a harder component and
are classified as standard ULXs. For temperatures ≈ 100–
150 eV we expect a degree of overlapping between the two
classes, as for the same accretion rate and outflow struc-
ture, a system can appear as a ULX if seen more face-on,
or as a ULS if seen more edge-on. The observed appearance
of harder emission components in some ULSs (particularly
those in M101 and NGC247) only when their blackbody
temperature reached ≈130 eV and their radius shrank be-
low ≈20,000 km may be additional evidence in favour of our
proposed connection.
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Figure 15. Top left panel: Chandra/ACIS-S background-subtracted lightcurve of the Antennae ULS during ObsID 3042 (2000-s bins).
Top right panel: Chandra/ACIS-S background-subtracted lightcurve of the NGC247 ULS during ObsID 17547 (250-s bins); see Figure
10 for a spectrum of that same observation. Bottom left panel: Chandra/ACIS-S background-subtracted lightcurve of the NGC300 ULS
during ObsID 9883 (500-s bins); only soft (0.3–0.7 keV) emission was detected. Bottom right panel: XMM-Newton/EPIC-pn background-
subtracted lightcurve of the NGC4631 ULS during ObsID 0110900201 (500-s bins). In all panels, red datapoints = 0.3–0.7 keV band;
blue datapoints = 0.7–1.5 keV band. Error bars were calculated using Gehrels statistics.
6 CONCLUSIONS
Individually identified ULSs in nearby galaxies have often
been considered odd sources, difficult to place in the X-
ray binary and ULX classification schemes. Here we have
re-examined Chandra and XMM-Newton data for a sam-
ple of seven previously identified ULSs, showing that they
share common properties: a thermal spectrum with a char-
acteristic range of temperatures, luminosities, sizes, and an
anticorrelation between radius and temperature, consistent
with rbb ∼ T−2bb . Thus, they may represent a new sub-type
or state of accreting systems.
We discussed the main alternative interpretations of
ULSs presented in the literature, and showed that the IMBH
scenario is strongly disfavoured for several reasons: rapid
changes in the fitted radius of the thermal component; incon-
sistency of temperatures and luminosities with the standard
disk parameters; strong short-term flux variability. Steady
nuclear burning on the surface of a WD (with a possibly in-
flated or outflowing atmosphere) is usually invoked for clas-
sical SSSs at luminosities . 1038 erg s−1, but there are no
convincing models able to explain steady sustained lumi-
nosities ∼ 10–50LEdd (for a WD) over decades without the
triggering of nova-like outbursts. Instead, we argued that
optically-thick outflows from super-critically accreting BHs
(and possibly also NSs) are the most likely explanation for
this class. In particular, a clumpy optically-thick wind with
an expanding or contracting photosphere (function of the
mass density in the outflow and therefore also related to
the accretion rate) seems a natural explanation for the anti-
correlation between observed temperatures and radii, and
for the strong short-term variability.
We showed that in some ULSs, a harder emis-
sion component is detected alongside the dominant ther-
mal component at some epochs, resulting in a spec-
trum that sometimes resembles those of typical ULXs;
more specifically, those in the soft-ultraluminous regime
(Sutton, Roberts & Middleton 2013), which are probably
seen through a dense wind at high inclination. The ap-
pearance of a harder component in ULSs happens prefer-
entially at epochs when the fitted blackbody radius of the
thermal component is smallest (rbb . 20, 000 km) and the
fitted blackbody temperature is highest (Tbb & 100 eV),
consistent with a reduced size of the photosphere and there-
fore a more direct view of the inner regions. Based on this
finding, and on the analogies between the thermal compo-
nent in ULXs and ULSs, we proposed that ULSs are sim-
ply the regime of the ULX population seen through the
densest outflow: a state in which any direct, harder emis-
sion from the inner disk and the inverse-Compton region
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has been completely masked and thermalized by the op-
tically thick wind. In our scenario, the difference between
ULSs and ULXs in the soft-ultraluminous regime is that
the outflow is effectively optically thick in ULSs (leading to
complete absorption and thermal reprocessing of the harder
photons from the inner region) and only optically thick to
scattering in ULXs, sources in which a harder tail is still
carrying most of the flux. This may be due to a higher
viewing angle and/or a higher accretion and outflow rate in
ULSs. As previously discovered in soft-ultraluminous ULXs
(Sutton, Roberts & Middleton 2013; Middleton et al. 2015),
we found at least for one ULS in our sample (M101 ULS, the
only one with sufficiently high signal-to-noise ratio for this
kind of analysis) that the harder component has a higher
fractional variability than the softer component.
The nature of the harder component remains unclear,
given the relatively low signal-to-noise ratio of even the
brightest sources, and the fact that only CCD-resolution
spectra are available for ULSs. Such a low spectral reso-
lution, compounded by the degradation in the soft response
of Chandra/ACIS-S, makes it almost impossible to identify
individual emission or absorption features in the soft and
medium energy bands. However, even at this low resolu-
tion, we confirmed that several ULSs have strong absorption
edges at E ≈ 1 keV (as noted by Kong, Di Stefano & Yuan
2004), which appear and disappear at different epochs. Their
physical interpretation remains unclear, and is beyond the
scope of this work, but it is another piece of evidence in
favour of massive, optically thick outflows in those sources.
As for the excess emission above the dominant thermal com-
ponent, particularly in the 0.7–1.5 keV band, we showed that
it is consistent with thermal plasma emission, but we cannot
rule out more complex interpretations, such as an inverse-
Compton component with superposed absorption features
caused by absorption in a partially ionized outflow, as sug-
gested by Middleton et al. (2014) for analogous spectral fea-
tures in some ULXs.
Using a spherically symmetric approximation and stan-
dard assumptions about the launching radius of the wind, we
estimated that m˙ ∼ a few 100 is required to make the out-
flow effectively optically thick (although, this value is likely
to be an overestimate for more edge-on systems). Thus, if
our interpretation is correct, ULSs are some of the best case
studies of super-critical accretion and super-Eddington out-
flows in the local Universe. Their extrapolated bolometric
luminosities are between a few ×1039 erg s−1 and ≈1 ×1040
erg s−1, a few times lower than for the most luminous ULXs.
We explained (Section 5.3) why this is not in contradiction
with our suggestion that ULSs have extremely high m˙. This
is partly because a substantial fraction of the initial radia-
tive power is converted to mechanical and thermal energy of
the optically-thick outflow; partly because ULSs may have
higher m˙ but lower BH mass and lower intrinsic luminosity
than the most luminous ULXs; and partly because at least
some of the (apparently) most luminous ULXs may benefit
from geometric collimation of the emission along the polar
direction.
Another consequence of our proposed scenario is that
when the photosphere expands beyond ≈100,000 km, and
the blackbody temperature decreases below ≈50 eV (either
because of real physical changes in the two quantities, or be-
cause of a change in our line of sight), a ULS should become
undetectable in the X-ray band, its thermal emission having
shifted to the far UV. ULSs that were detected as bright
sources in some observations are sometimes not detected in
others. M101 ULS provides a typical example, with a de-
tected Chandra/ACIS-S 0.3–2 keV count rate ≈0.1 ct s−1
in the brightest observation, but < 5 × 10−4 ct s−1 in 14
of the 25 Chandra observations examined in Soria & King
(2015, submitted). The NGC300 ULS is another good ex-
ample: detected in a bright state in one Chandra and two
Xmm-Newton observations (listed in Table 1 and analyzed
in this paper), it was not detected in another three Chan-
dra and three XMM-Newton observations. By analogy with
the behaviour of transient X-ray binaries, we could inter-
pret those non detections (or extremely faint detections)
as the off (or low) state of ULSs. However, this would be
hard to reconcile with our classification, because it is very
contrived to imagine that an accreting BH can only switch
between extremely super-Eddington (m˙ > 100) and low sub-
Eddington (m˙ < 0.01) accretion rates, without ever being
seen in other canonical accretion states (e.g., hard inter-
mediate state, high/soft state, broadened-disk ULX state).
Our scenario implies that a ULS non-detection at a certain
epoch is not due to a real drop in luminosity, and is caused
instead by one of the following three reasons: (a) its photo-
sphere has physically expanded to the point that the source
is now in an ultraluminous UV regime (perhaps similar to
the “ultraluminous UV source” in NGC6946 discussed by
Kaaret et al. 2010); or (b) our view of the source is com-
pletely occulted by cold absorbing material (as is briefly the
case during the dips observed at some epochs for the M81
and the M51 sources); or (c) our line-of-sight has changed
(become more edge-on) due to systemic precession.
In future work we will explore other aspects of the re-
lation between ULSs and ULXs that remain unclear. For
example, we do not know yet whether ULSs are preferen-
tially located in younger or older stellar environments: in
the former case, the mass donor may be an OB star, while
in the latter case they may be fed by an intermediate-mass
star going through the Hertzsprung Gap (Wiktorowicz et
al. 2015). Many ULXs are surrounded by large collisionally-
ionized bubble nebulae, possibly powered by jets (Feng &
Soria 2011); no systematic search for ULS bubbles has been
done yet. For example, a lack of ULS bubbles could indi-
cate that fast collimated jets are suppressed at the highest
super-Eddington rates, or that ULSs are located in older
environments with lower-density interstellar medium.
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